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Abstract 
 
Ionic liquids (ILs) refer to solvent systems which are liquid below 100 °C, and consist mostly of cations 
and anions. Due to a number of desirable properties such as low vapour pressure, low melting point, 
high conductivity and thermal stability, ILs have been increasingly used in a variety of applications 
including as reaction media for chemical and bio-catalysis, as electrolytes for fuel cells or sensors, as 
lubricants, analytical and heat storage agents, as well as in organic synthesis and separation 
processes. ILs are highly tailorable, and their properties can be finely tuned through modifications to 
the cation and/or anion structure. As an interesting subclass, protic ionic liquids (PILs) have some 
distinguishing features such as generally being cheaper and easier to synthesize, able to form H-
bonds and typically having lower viscosities compared to aprotic ILs. Although there are a huge 
number of possible combinations of cations and anion resulting in ILs, the viscosity and cost of many 
ILs imposes a significant limitation on their use for certain applications, which can be overcome 
through mixing ILs with other solvents. However, this results in adding another dimension to the 
compositional space as well as increasing the complexity in molecular and ionic interactions.  
 
In this work, a neat PIL library including primary and secondary alkylammonium cations combined 
with carboxylate (formates and acetates) and nitrate anions has been first selected. The overall goal 
of the research was to systematically investigate the effects of solvent non-stoichiometry and the 
presence of water, as well as the structural modifications on key solvent properties and hence, to 
develop structure-property relationships for these multi-component PIL containing solvent systems. 
Novel high-throughput methodologies have been utilised to fast-track solvent preparation and 
system understanding.  
 
Surface tension, apparent pH and liquid nanostructure have been determined to identify the 
potential self-assembly ability of the multi-component PIL containing solvent systems. Through the 
use of machine learning algorithms, the vast number of systematic data led to the establishment of 
design rules for the potential amphiphile self-assembly promoting ability of PIL containing solvents. 
These findings were then linked to the experimentally determined lyotropic liquid crystal phase 
behavior of a well-known surfactant, CTAB. 
 
Furthermore, for the first time, the solvation capacities of a selection of neat PILs and their binary 
mixtures with selected molecular solvents have been studied utilizing spectroscopic techniques. The 
effect of PIL structure, molecular solvent type, and PIL-solvent ratio on the solvation capability of PIL 
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based solvents were comparatively investigated, quantified and discussed in terms of the specific and 
non-specific interactions between PIL-solvent, PIL-solute and solvent-solute species.  
 
In summary, this research has shown that the solvent properties of neat PILs and/or multi-
component PIL containing solutions can be easily and effectively tuned and designed for targeted 
applications via the help of high-throughput strategies. 
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CHAPTER 1. Introduction 
1.1 Ionic Liquids  
Ionic liquids (ILs), consisting solely of cations and anions, are a subclass of molten salts and refer to 
solvent systems which are liquid below 100 °C. The first IL reported by Gabriel and Weiner in 1888 
was ethanolammonium nitrate (EtAN) with a melting point of 52-55 °C, and in 1914 Walden reported 
ethylammonium nitrate (EAN) as the first room temperature ionic liquid with a melting point of 12.5 
°C1. More recently, ILs have been considered as a new generation of solvents for numerous chemical 
applications and as potential replacements for conventional media in new technologies2. A practical 
interest in using ILs arose in the 1960s due to their potential as advanced battery electrolytes3-4. 
Since the late 1990s, they have been widely used in both academic and industrial fields as reaction 
media, extraction solvents, heat storage and analytical agents5-8. In Figure 1.1, the major application 
areas of ILs are depicted9.  
 
Figure 1.1. Applications of Ionic Liquids. Copied from Ref9. 
 
Together with the increase in `Green Chemistry` applications, the interest of using ILs has 
substantially been increased due to their high thermal stability and low vapor pressure, which make 
them potential solvents to overcome the problem of volatile organic emission10. In addition, ILs are 
highly tailorable, and their properties can be finely tuned through modifications to the cation and/or 
anion structure1, 11-12. This includes their physicochemical and thermal properties such as density, 
viscosity, polarity, hydrophobicity, ionic conductivity, glass transition temperature, melting point, 
decomposition temperature13-16.  
 
ILs have been divided into several subclasses according to their key properties such as protic, aprotic, 
dicationic, polymeric, magnetic, fluorous, and functionalized ILs17. Of all, Aprotic ILs (AILs) and Protic 
ILs (PILs) are two major subclasses of ILs. Although, AILs have received greater attention than PILs so 
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far, the interest in using PILs is increasing at a very fast rate due to their advantageous features of 
being cheap and easy to synthesize, and in general, having lower viscosities compared to those of 
AILs. Particularly, PILs are increasingly being explored for use in biological applications due to their H 
bonding capability1, and possible biocompatability18. Similar to water, PILs have both proton donor 
and also proton acceptor sites which enable them to build up a 3D H bonded network1.  
 
1.1.1 Protic Ionic Liquids 
As a subclass of ILs, protic ionic liquids (PILs) also comprise of several subclasses, which are firstly 
described by their cation such as ammonium, imidazolium and heterocyclic cation based PILs. The 
most commonly used cations and anions in PIL structure are depicted in Figure 1.2 and Figure 1.3, 
respectively.   
 
Figure 1.2. The most widely used PIL cations (a) primary, secondary, or tertiary ammonium cation, (b) 
1-alkylimidazolium cation, (c) 1-alkyl-2-alkylimidazolium cations, (d) pyridinium, (e) pyrrolidinium, (f) 
caprolactam, (g) 1,1,3,3-tetramethylguanidinine (where Rn can be H atoms)1, 17. 
 
 
Figure 1.3. The most widely used PIL anions (a) carboxylates (b) trifluoroacetate (TFA), (c) 
bis(perfluoroethylsulfonyl)imide (BETI), (d) bis(trifluoromethanesulfonyl)imide (NTf2), (e) nitrate (f) 
hydrogen sulfate1. 
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PILs are synthesized via the combination of equimolar amounts of a Brønsted acid with a Brønsted 
base, as follows19. 
 
𝐴𝐻           +                  𝐵             ↔             [𝐵𝐻]+           +           𝐴− 
                      (Brønsted Acid)           (Brønsted Base)            (PIL cation)             (PIL anion)  
 
During synthesis, proton transfer takes place from an acidic anion to the basic cation, and like in the 
other reactions, proton transfer may be less than complete, or side reactions may take place. This 
can result in impurities such as water, halides, unreacted neutral species and organics being present. 
The presence of impurities and neutral species may affect the ionic nature (dissociative), polarity and 
physicochemical properties such as density, viscosity and ionic conductivity of the resulting PIL 
solvent20-21. MacFarlane et al. have suggested that the degree of proton transfer should be greater 
than 99% to be able to consider a PIL as a pure PIL12.  
 
Although determination of the degree of proton transfer or ionicity of PILs is significant, there is 
currently no “standard” method for measuring those of PILs. NMR based on δ(N−H) proton chemical 
shifts has been the most widely used technique as a measure of the ionicity, however it should be 
noted that this technique requires using anhydrous (neat) PIL solvents with a water content less than 
1000 ppm22. Other techniques include thermal phase changes, IR spectroscopy and ionic conductivity 
in the form of a Walden plot, as given in Figure 1.41, 23. As PILs are increasingly used in a 
multicomponent system, the Walden plot is a more general, and good measure of determining how 
ionic a PIL or PIL-solvent combination is.  
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Figure 1.4. Ionic Liquid Classification Diagram based on Walden Rule. Copied from Ref24.  
 
Ueno et al. have stated that many PILs show deviations from ideal Walden behaviour, and frequently 
are located in the “poor” ionic liquid region on a Walden plot20. Similarly, Greaves et al. have 
previously characterized 25 different primary, secondary and tertiary alkylammonium based PILs 
including their  -OH and -CH3 substituted derivatives in terms of their thermal and physicochemical 
properties and classified them as “poor ionic liquids” according to the Walden plot25. Despite the fact 
that, it is envisaged they would exhibit good ionicity due to the conductive motions in response to an 
electric field, which would not be present in aqueous KCl calibration solution1, 21.  
 
Moreover, similar to conventional salts, ILs can transform their liquid state into a solid-like glassy 
state at low temperatures. In other words, they can have glass forming ability at a certain 
temperatures, known as the glass transition temperature, Tg. This ability strongly depends on the 
size, structure and cohesiveness, and therefore Tg represents the cohesive energy of the material.1, 26 
For a good IL, low cohesive energies, corresponding to low Tg values, are desirable indicating a good 
IL likely to have low viscosity and high ionic conductivity25. Through Arrhenius plots, an IL can be 
classified in terms of its degree of fragility, which is defined as structural change through transition 
from liquid state into a glassy state26. The Arrhenius behaviour is represented as solid line in Figure 
1.5 and it has been shown that fragilities of alkylammonium based and hydroxyl including PILs 
increase with increasing Tg values and decreasing viscosities25-26.   
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Figure 1.5. Arrhenius behaviour of PILs. PILs given in legend are alkylammonium formates (RA-F), 
ethylammonium salts with organic anions (EA-X), ethylammonium salts with inorganic anions (EA-Y), 
and salts containing a hydroxyl group (Hydroxyl). Copied from Ref25.  
 
According to the Arrhenius behavior, PILs have been characterized as having fragilities from 
intermediate to high25-26. It has been found that an increase in alkyl chain length on the anion or 
cation in alkylammonium based PILs leads to a slight increase in their Tg values, while the Tg of these 
PILs increases dramatically through hydroxyl or methyl group substitution on either the anion or 
cation14, 25.  
 
1.2 Structure - Property Relationships for ILs  
Knowledge of the key solvent properties of an IL is extremely important for a comprehensive and 
deeper understanding of the intermolecular interactions which are responsible for the solvent 
strength and behaviour of ILs. In the literature, there are a significant number of investigations which 
evaluate the structure-property relationships based on physicochemical, thermal and transport 
data13-14, 23-30 along with the liquid nanostructure31-36 and self-assembly abilities37-40 of the most 
widely studied ILs, including both AILs and PILs in their neat forms. The trends of the solvent 
properties of AILs and PILs upon modifications of either cations or anions showed a great 
resemblance to each other as reported in these studies. Of all, PILs with alkylammonium cations 
combined with organic carboxylates and inorganic anions, which are also of interest to this research, 
have been previously well-characterized by Greaves et al. in terms of their physicochemical and 
thermal properties such as density, viscosity, surface tension, ionic conductivity, glass transition 
temperatures, melting and boiling points25, 41 as well as liquid nanostructure33, 41 and self-assembly 
promoting abilities37-38, 42. The trends observed in these studies are summarized in Table 1.1.  
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Table 1.1. Summary of general trends for PIL solvent property observed upon structural 
modificationsa  
Solvent 
Property 
CATION ANION 
Increasing 
alkyl chain 
length 
hydroxyl group 
present 
branching on 
alkyl chain 
branching on 
alkylhydroxyl 
chain 
Inorganic 
compared to 
organic 
Increasing 
alkyl chain 
length 
surface 
tension, ɣLV 
Dec Inc 
Dec (for series 
of EAF-DEAF);   
Inc (for series of 
DEAF-TEAF) 
NC-Dec Dec Dec 
density, ρ Dec Inc 
Dec (for series 
of EAF-DEAF);   
Inc (for series of 
DEAF-TEAF) 
Inc Inc Dec 
viscosity, µ Inc Inc Dec Inc 
NC (with E 
cation);            
Dec (with Et 
cation) 
Inc 
refractive 
index, nD 
Inc 
Inc (formates); 
Dec           
(nitrates) 
Dec Inc 
NC (with E 
cation);            
Dec (with Et 
cation) 
Dec 
ionic 
conductivity, 
K 
Dec Dec Inc Dec Inc Dec 
glass 
transition, Tg 
Inc Inc Dec Inc Dec Inc 
melting point, 
Tm 
Inc 
Dec 
(carboxylates);  
Inc (nitrates) 
Inc Inc Inc Inc                                
boiling point, 
Tb 
NC-Inc Inc 
Dec (for series 
of EAF-DEAF);   
Inc (for series of 
DEAF-TEAF) 
Dec (for series 
of EtAF-DEtAF);        
Inc (for series of 
DEtAF-TEtAF) 
Inc 
Dec (with E 
cation);           
Inc (with Et 
cation) 
correlation 
distance, d1 
Inc Dis Dec NC-Dec Inc Dec 
correlation 
distance, d2 
Inc NC Dec NC-Dec NC-Inc NC-Inc 
a The effects are shown as Dec (decreasing), Inc (increasing), NC (no significant change) and Dis 
(disappearing). Trends were obtained based on the unpublished and published data in Ref25, 33, 37-38, 41 
with a particular focus on PILs including ethylammonium formate (EAF), ethanolammonium formate 
(EtAF), diethylammonium formate (DEAF), diethanolammonium formate (DEtAF), triethylammonium 
formate (TEAF), triethanolammonium formate (TEtAF), butylammonium formate (BAF), 
pentylammonium formate (PeAF), ethylammonium nitrate (EAN), ethanolammonium nitrate (EtAN), 
butylammonium nitrate (BAN), pentylammonium nitrate (PeAN), ethylammonium acetate (EAA), 
ethanolammonium acetate (EtAA), diethanolammonium acetate (DEtAA), triethanolammonium 
acetate (TEtAA) and pentylammonium acetate (PeAA).   
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The trends given in Table 1.1 were obtained based on the compiled physicochemical, thermal and 
liquid nanostructure data of 17 PILs. The change in solvent properties is sensitive to the modifications 
of the chemical structure of the PILs, and some are interrelated to each other such as the 
relationships between glass transition temperature, viscosity and ionic conductivity have been 
thermodynamically established through Walden and Arrhenius behavior1. For an ideal PIL, low 
melting point, viscosity, vapor pressure but high thermal stability and ionic conductivity have been 
the most desirable properties in numerous applications.  
 
Among all the solvent properties given in Table 1.1, surface tension and liquid nanostructure, which 
indicates the order of correlation distance between polar and non-polar moieties of liquids, are of 
particular interest to this research, as these properties are known to play an important role in 
determining the amphiphile self-assembly promoting ability of a solvent43-44. Moreover, polarity and 
hence the solvation capacity is also a selected solvent property of importance in this study, as 
knowing polarity data has critical importance in the choice of solvent for a specific application. 
Therefore, these concepts have been explained in detail in the following sections.  
 
1.3 Self-Assembly  
Self-assembly is a phenomenon where the components of a system assemble themselves via 
interactions to form the most stable and functional orientation. Naturally, this phenomenon is 
responsible for the construction of vital biological molecular assemblies in living organisms, such as 
the formation of lipid membranes, double helical DNA and the quaternary structures of proteins and 
enzymes45. The other well-known examples of self-assembly include micellar and liquid crystal phase 
formations46-47.  
 
The formation of self-assembled structures from simple aggregates to micelles, vesicles to liquid 
crystal phases is thermodynamically explained by the generalized formula of free energy of 
aggregation (ΔG0agg), or alternatively it is associated with the critical aggregation concentration (CAC), 
as in the equations below.  
 
∆𝐺𝑎𝑔𝑔
0 =  ∆𝐻𝑎𝑔𝑔
0 − 𝑇∆𝑆𝑎𝑔𝑔
0                                                
 ∆𝐺𝑎𝑔𝑔
0 =  −𝑅𝑇𝑙𝑛(𝐶𝐴𝐶)                                                  
 
where ΔH0agg is the change in enthalpy, T is temperature, ΔS0agg is the change in entropy and R is the 
gas constant. At ambient temperature, the solvophobic effect (analogous to the hydrophobic effect 
in water) is mainly entropy driven with a large negative entropy contribution to the free energy on 
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transfer of non-polar domains into the aggregate interior, whereas at high temperatures it becomes 
more enthalpy driven43, 48. Other significant factors for the formation of the aggregated structures 
include H bonding, electrostatic and van der Waals interactions as well as external forces such as pH, 
ionic strength, salt and/or co-solvent addition, temperature and pressure49-52. In addition, the size 
and concentration of amphiphiles are very important in the formation of self-organized structures. 
Geometric packing constraints of amphiphiles is associated with a dimensionless parameter called 
the critical packing parameter (CPP), given as follows; 
 
   𝐶𝑃𝑃 =  𝑉 𝑎0𝑙𝑐
⁄                                                          
 
where lc is the effective chain length of the amphiphiles, a0 is the effective amphiphile headgroup 
area and V is the average volume occupied by an amphiphile51. By taking this parameter into 
account, the approximation of energetically favourable structures has been established as follows52.  
 
𝑉
𝑎0𝑙𝑐
⁄ <  
1
3
                  𝑠𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙 𝑚𝑖𝑐𝑒𝑙𝑙𝑒𝑠 
1
3
< 𝑉 𝑎0𝑙𝑐
⁄ <  
1
2
         𝑐𝑦𝑙𝑖𝑛𝑑𝑟𝑖𝑐𝑎𝑙 𝑚𝑖𝑐𝑒𝑙𝑙𝑒𝑠               𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑚𝑒𝑎𝑛 𝑐𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒 
1
2
< 𝑉 𝑎0𝑙𝑐
⁄ <  1          𝑏𝑖𝑙𝑎𝑦𝑒𝑟𝑠 (𝑜𝑟 𝑣𝑒𝑠𝑖𝑐𝑙𝑒𝑠) 
𝑉
𝑎0𝑙𝑐
⁄ =  1                   𝑙𝑎𝑚𝑒𝑙𝑙𝑎𝑟 𝑝ℎ𝑎𝑠𝑒𝑠                     zero mean curvature 
𝑉
𝑎0𝑙𝑐
⁄ >  1                   𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑑 𝑝ℎ𝑎𝑠𝑒𝑠                     negative mean curvature 
 
It is apparent that CPP is a good measure of identification of shape and type of phases formed. In 
Figure 1.6, the ideal phase transition sequence based on the CPP is given as a function of amphiphile 
concentration, though only a few phases are exhibited for a specific amphiphile. 
 
Traditionally, in order to obtain specific phases for different purposes, the amphiphiles were 
modified. Amphiphiles exhibiting micellar and lamellar (liposomes) phases have been extensively 
used in a broad range of application areas, such as household purposes, sol-gel process, biocatalysis, 
microencapsulation, nano-material synthesis and drug delivery51, 53-55. After the discovery of higher 
order liquid crystalline colloidal dispersions in the form of cubosomes (cubic phases) or hexosomes 
(hexagonal phases) in 1989, the use of these amphiphilic self-organized structures for delivery of 
bioactive materials, improving the protection against hydrolysis or enhancing stability/activity of 
proteins has received an increasing attention mainly due to the fact that they have increased surface 
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area47, 51, 56. This highlights that self-assembly systems with a diverse phase formation is extremely 
desirable and advantageous.  
 
 
Figure 1.6. Phase transition sequence as a function of amphiphile concentration. Inverse 
bicontinuous cubic phases can be found in different shapes and dimensions including Primitive (QIIP), 
Diamond (QIID) and Gyroid (QIIG) whereas lamellar phases can exist as Lamellar crystalline (Lc), 
Lamellar gel (Lβ) and Lamellar fluid (Lα)57. 
 
An alternate approach to modifying the amphiphile is to modify the solvent and ILs are the most 
prospective candidates in this regard. Although both aprotic and protic ionic liquids and also many 
organic solvents are known as good amphiphile self-assembly media43, 58-59, PILs have been reported 
to be the largest class of such solvents43. This is due to PILs exhibiting a good solvophobic effect. In 
addition, they are highly tailorable and have the ability to establish H bonds37-38, 60. 
 
For a solvent, the self-assembly promoting ability strongly depends on the cohesive energy density, 
hydrophobic/solvophobic interactions and liquid nanostructure61-62. The Gordon parameter (G), as 
given below, is known to be a good measure of solvent cohesiveness and a better indicator for 
solvophobic interactions than solvent polarity. It also exhibit a linear correlation with the Gibbs free 
energy of micellization (ΔG0mic)44.   
 
𝐺 =  
𝛾𝐿𝑉
𝑉𝑚
1
3⁄
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where γLV is the air-liquid surface tension and Vm is molar volume. The higher G value of a solvent 
indicates a greater likelihood of a solvent being a good self-assembly media. The Gordon parameters 
of various classes of ILs, along with molecular solvents have been previously compiled by Greaves et 
al.44 Despite some of the alkylammonium PILs having relatively low G values, it has been reported 
that they can still promote the aggregation of amphiphiles37-38. Especially in the last decade, the 
interest in using PILs as a self-assembly environment has markedly increased, and PILs have been 
reported to be able to govern the micellization and lyotropic liquid crystal phase formation for 
amphiphilic compounds as well as biomolecules63. Greaves et al. have also investigated the lyotropic 
liquid crystal phases of cationic and non-ionic amphiphiles and their thermal stability regions in a 
number of PIL solvents. In general, a normal sequence of phase transition (from hexagonal to cubic 
to lamellar phases) has been observed for polyoxyethylene alkyl ether and cationic alkylammonium 
surfactants whereas an inverse phase transition has been reported for non-ionic lipids such as 
myverol and phythantriol43. An interesting phase change behavior of Gemini surfactant in 
alkylammonium class of PILs has been reported by Li et al. and the effect of changing solvent from 
EAN to PAN and BAN on the phase formation was illustratively shown in Figure 1.7. 
 
 
Figure 1.7. Phase change of Gemini surfactant upon PIL solvent modification64. 
 
Furthermore, many ILs are nanostructured liquids, and it has been reported that the nanostructure in 
ILs occurs from the nanoscale segregation of polar and nonpolar moieties due to solvophobic, 
electrostatic and hydrogen bonding interactions17, 33, 65. The liquid nanostructure of PILs of interest to 
this study have been extensively characterized by Greaves et al. and it has been stated that the PILs 
containing either di- and trialkyl ammonium cation and/or hydroxyl groups have smaller or negligible 
intermediate range order (correlation distance d1) corresponding to a less structured liquid33, 63. 
Moreover, less structured PILs were found to be better promoters of self-assembly and supporting 
more diverse liquid crystal phases; acting as `water like`33. Besides, it is known that Gordon 
parameters of PILs can also be increased by hydroxyl group substitution on either the cation or 
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anion38. Therefore, it has been concluded that there is a strong link between liquid nanostructure, 
solvophobic effect and solvent cohesiveness; so that understanding their relationships is extremely 
important in designing new PILs as self-assembly media.  
 
1.4 Polarity 
In classifications of solvents, determination of polarity has the utmost importance since polarity is 
the key measure for solvation capability. Through the knowledge of polarity, it is possible to predict 
the solubility, miscibility and dissolution equilibria66-67. There is a well-known dictum in solvent 
chemistry that `polar dissolves polar` or `like dissolves like`17. However, with the use of ionic liquids, 
this dictum has been refuted due to ILs having the ability to dissolve both polar and nonpolar 
materials although many ILs have been classified as `polar` solvents1, 66.  
 
Refractive index and relative permittivity have been the most commonly used techniques in the 
determination of polarity of ILs among several others such as absorption, fluorescence, electron spin 
resonance spectroscopies, chromatography, dipole moment and dielectric constant68-72. However, 
these techniques are the measure of polarity at a macroscopic level. In order to gain understanding 
of the dependence of solvation on intermolecular, electrostatic and polarization forces between 
solute and solvent environment, a number of molecular level empirical scales have been derived on 
the basis of UV/Vis and fluorescence spectroscopy70, 72-74. 
 
1.4.1 Empirical Polarity Scales and Kamlet-Abboud-Taft (KAT) Solvation Parameters  
In 1948, the first empirical scale called `Y scale` derived from the SN1 heterolysis of 2-chloro-2-
methylpropane was introduced by Winstein et al.70. However, the first real spectroscopic polarity 
scale called `Z scale` was set up by Kosower in 195868, 70. Kosower used the intermolecular charge-
transfer (ICT) absorption of a strongly absorbing solvent-sensitive solute molecule, which is 1-ethyl-4-
(methoxycarbonyl)-pyridinium iodide, upon solvent change68, 70. Since then, several other polarity 
scales based on UV/Vis spectroscopic measurements have been developed using approximately 80 
different polarity sensitive probe molecules with different chemical structures70.  
 
Of all these scales, the π* scale of Kamlet, Abboud and Taft, ET(30) scale of Dimroth and Reichardt 
along with its normalized form of ETN have been the most commonly used for the determination of 
polarity of ILs5, 70, 72, 75-76. As all these scales are based on spectral data of only one probe molecule 
providing polarity information of the overall intermolecular interactions, they are considered as a 
`Single Parameter Approach to Polarity`70. This phenomenon is known as “Solvatochromism” and the 
solute molecules used in polarity scales as polarity indicator probe molecules are known as 
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solvatochromic probes. Likewise, the probe molecules used in the fluorescence based polarity scales 
are known as fluorosolvatochromic probes70. In Figure 1.8, the chemical structures of the most 
commonly used solvatochromic and fluorosolvatochromic probe molecules are given.  
 
 
Figure 1.8. Structures of probe molecules. Solvatochromic dyes: (1) Nile Red (it can also be 
fluorosolvatochromic), (2) Reichardt`s Dye, (3) Nitroaromatics (X=OH; 4-nitrophenol, X=NH2; 4-
nitroaniline, X=OMe; 4-nitroanisole, X=NMe2; N,N-dimethyl-4-nitroaniline, X=NEt2; N,N-diethyl-4-
nitroaniline), (4) Phenol Blue and fluorosolvatochromic dyes: (5) Pyrene and (6) Coumarin 15372, 76.  
 
Solvatochromic dyes are characterised by possessing an electron donating group and an electron 
accepting group with an electron delocalized system in between and are classified as negative or 
positive solvatochromic dyes. For negative solvatochromic dyes, the ground state is zwitterionic with 
a charge at either end of the molecule. On absorption of light an electron travels from one end of the 
molecule to the other to form a polar yet uncharged excited state, as shown in Figure 1.9. On the 
contrary, for positive solvatochromic dyes, the ground state is uncharged. On absorption of light, the 
electron travels again from one end of the molecule to the other to form a short-lived charged 
excited state. These dyes behave differently upon solvent change. Negative solvatochromic dyes 
absorb light at longer wavelengths (bathochromically shifted) as solvent polarity decreases. 
Conversely, positive solvatochromic dyes absorb at shorter wavelengths (hypsochromically shifted) 
as solvent polarity decreases77. 
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Figure 1.9. Diagram showing the structure of ground and excited states in negative and positive 
solvatochromic dyes. For the positive solvatochromic dyes, electron donating groups (D) are of the 
form =N- and electron accepting groups (A) are of the form =C=O. For the negative solvatochromic 
dyes, electron donating groups are of the form -O- and acceptor groups are of the form ≡N+-.              
Copied from Ref77. 
 
In 1976, for identification of the separate effect of specific intermolecular interactions such as 
Coulombic, dipole/dipole, H bonding and electron pair acceptor-donor interactions on polarity and 
solvation properties, Kamlet, Abboud and Taft developed a `Multi Parameter Approach` which is also 
known as the `Solvatochromic Comparison Method`78-82. According to this method, Linear Solvation 
Energy Relationships (LSERs) between particular scales, which are electronic transition energy 
(ET(30)), hydrogen bond acidity (α), hydrogen bond basicity (β) and dipolarity/polarizability effects 
(π*) have been established73. Dipolarity/ polarizability effects (π*) has been considered as the heart of 
this method where 45 different solvatochromic probes have been employed in the setup of the π* 
scale. Through the spectral data obtained for each probe molecules, they established a number of 
linear equations to find out the other scales, so called KAT solvation parameters separately. The 
selection of the probe molecules can significantly affect the resulting molar transition energies and 
solvation parameters.   
 
In the literature, based on the ET(30) scale, Reichardt has reported that primary, secondary and 
tertiary alkylammonium cation PILs are the most polar class of all ILs, with polarities comparable to 
water, while quaternary alkylammonium cation PILs exhibit slightly lower polarities70, 83. It was 
concluded that PILs including strong acid anions or long chained organic anions showed higher 
polarities. To date, most of the studies have focused on the investigation of solvation properties of 
ILs containing imidazolium, pyridinium and pyrrolidinium cations, while in only a few studies have the 
solvation parameters of alkylammonium cation PILs have been reported71, 84-86. 
 
 
 16 
 
1.5 Ionic Liquids in Mixtures 
Although ILs are used in a broad range of applications, the high viscosity and melting point as well as 
the cost of many ILs are obstacles in their use in the neat form. In recent years, their use in binary or 
multicomponent systems has received closer attention, particularly for tuning the solvent properties, 
such as to decrease the melting point and viscosity, and increase conductivity63, 87-90. Luo et al. have 
reported that the addition of a Brønsted base, 1H-1,2,4-triazole to the protic imidazolium 
methanesulfonate decreased the melting point of the neat PIL from 188.2 °C to 80.5 °C, while 
maintaining the high conductivity of the PIL. They have asserted that 1H-1,2,4-triazole weakened the 
electrostatic interactions between the cation and anion of neat PIL, and hence increased the mobility 
of ions91. Conductivity of PILs with pyrrolidinium and n-butylammonium cations has been 
demonstrated to be increased 2-30 fold through water addition89, 92. Mixing Brønsted acids with ILs 
have been used to increase the reaction yields in organic synthesis. Johnson et al. have stated that 
increased ionization or ionic content of 1-ethyl-3-methylimidazolium chloride ([emim][Cl]) through 
mixing with increasing amount of aluminum chloride (AlCl3) created a strong proton donor reaction 
medium in presence of hydrochloric acid (HCl) and favored the aromatic substitution reactions of 
arenes to yields varying from 81 to 92% 87. Burrell et al. have studied the effect of water addition on 
shear thinning behavior and liquid nanostructure of diethanolammonium acetate (DEtAA), which is 
an important concept in fluids such as protein solutions, paints, motor oils, liquid polymers, glasses 
and even food sauces. They have found that at water concentrations lower than one molar 
equivalent per DEtAA, the viscosity rapidly decreased, while the shear thinning, and low viscosity 
regime remained until 3–4 molar equivalents of water were added and DEtAA behaved as a 
Newtonian fluid. In regard to liquid nanostructure, they concluded that small dilution volumes did 
not alter the aggregate structure, but instead reduced the number of aggregates93. Wang et al. have 
reported that mesogenic liquid crystal properties of 1-dodecyl-3-methylimidazolium [C12MIM] cation 
IL can be regulated by preparing either binary or multicomponent systems. They first prepared the IL-
IL binary system by mixing C12MIM(BF4) with C12MIM(I) at different molar ratios and found that 
binary IL mixtures have a larger mesophase temperature range and higher anisotropic ionic 
conductivity than the two neat ILs. Next, when the system become multicomponent by introducing 
iodine (I2) to the binary IL mixtures, the melting point decreased, and consequently the thermal 
stability range of the mesophase decreased88.  
 
Apart from the above-mentioned studies, a particular interest of using ILs in mixtures has arisen in 
research from investigations of protein stability due to the fact that aqueous environment has some 
disadvantages for long term protein stabilization7, 94-96. Therefore, in the last two decades, ILs have 
been used to totally or partially replace water in protein studies to control the H bonding and 
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hydrophobic effect, and hence the hydration layer for enhancing and maintaining the stability and 
functionality of proteins and biomolecules, as illustrated in Figure 1.1094-100.  
 
Figure 1.10. Illustration of interactions between a model biomolecule and a PIL containing solvent 
environment. 
 
In addition to the H bonding and hydrophobic/solvophobic effect, the structures and hence the 
interactions of biomolecules with the surrounding environment are affected by several other 
molecular interactions such as Coulombic, van der Waals and polarization interactions. As mentioned 
earlier, these interactions are generally associated with the solute and solvent related factors such as 
pH, concentration, ionicity, polarity, viscosity, water content, liquid nanostructure, chemical 
structures, solubility and presence of metal ions/salts as well as the temperature and pressure. To 
this end, development of structure-property relationships for binary or multicomponent IL containing 
solvent systems is of great importance to understand the molecular interactions in these 
environments in more detail.  
 
1.6 Scope of the Research 
The objectives of this research are 1) to investigate the effects of non-stoichiometry and presence of 
water as well as the structural modifications on the key solvent properties of the alkylammonium 
cation class of PILs, 2) to develop structure-property relationships for multi-component PIL 
containing solvent systems through high-throughput methodologies, 3) to employ machine learning 
algorithms as a predictive tool, 4) to study the self-assembly promoting ability of non-stoichiometric 
and aqueous PIL solvents, and 5) to quantify the solvation capacities of neat PILs and their binary 
mixtures with molecular solvents. The neat PIL library used in the study comprises primary and 
secondary alkylammonium cations combined with carboxylate (formates and acetates) and nitrate 
anions, of which the chemical structures are given in Figure 1.11.  
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Figure 1.11. Neat PIL Library showing the chemical structures, names and abbreviations.  
 
In Chapter 2, a selection of 8 of the PILs given in Figure 1.11 including EAN, EtAN, BAN, PeAN, EAF, 
BAF, PeAF and PeAA, were used as starting materials, then non-stoichiometric and aqueous PIL 
combinations were obtained by adding water and precursor acids/amines in a high-throughput 
manner. Based on a deliberate experimental design approach, 26 different combinations were 
prepared for each neat PIL, resulting in a total of 208 cation–anion–water combinations. All PIL 
solvent combinations were than characterized through surface tension and apparent pH 
measurements, as well as the liquid nanostructure in relation to their potential self-assembly ability. 
The role of stoichiometry, presence of water and the chemical structure of the components in 
determining the solvent properties were evaluated and the general trends for changing solvent 
property were identified.  
 
In Chapter 3, the experimental data generated for the 208 non-stochiometric and aqueous PIL 
solvent combinations in Chapter 2 was incorporated with machine learning approaches. To identify 
the minor trends and elucidate the strength of the impacts of alkyl chain length and presence of 
hydroxyl groups on cation, type of anion, non-stoichiometry and presence of water individually, 
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linear and non-linear machine learning models were employed. Consequently, design equations and 
rules were established for PIL solvent combinations with desired properties. In addition, the 
trajectory of prediction was obtained for the selected solvent properties, surface tension and liquid 
nanostructure.  
 
As an application area, the amphiphile self-assembly promoting ability of EAN and EtAN derived non-
stoichiometric and aqueous PILs prepared in the first part were explored in Chapter 4. The 
amphiphile used in this part was a well-known and well-characterized cationic surfactant 
cetyltrimethylammonium bromide (CTAB). Two concentrations of CTAB (50 wt% and 70 wt%) were 
prepared in 26 unique compositions of EAN and EtAN separately as well as in water, for comparison. 
This resulted in a total of 106 samples. The lyotropic liquid crystalline phase (LLCP) formation, and 
transition of CTAB, as well as the phase stability and lattice parameters were explored in detail by 
analysing the effects of amphiphile concentration, solvent composition and temperature.   
 
Chapter 5 presents the solvation study performed for 12 neat PILs (all of those in Figure 1.11 except 
for PeAN as it is solid at room temperature) and 9 traditional molecular solvents through the 
Solvatochromic Comparison Method. In this part, a selection of 11 absorbent dye/probe molecules 
were first tested across all 9 molecular solvents to elucidate their sensitivity to polarity change. Then, 
using 4 dye molecules (Reichardt’s dye 30, Reichardt’s dye 33, N,N-diethyl-4-nitroaniline and 4-
nitroaniline) as the best set of solvatochromic dyes, the solvation parameters (ET, π*, α and β) of 12 
neat PILs were obtained separately. For comparison, 2 solvatofluorochromic dyes Pyrene and 
Coumarin 153 along with Nile Red as it is an absorbent and fluorescent dye were tested in terms of 
their polarity responses. Through this study, the effect of PIL structure on the solvation capability 
was explored in a systematic way.  
 
In Chapter 6, two of the PILs from Chapter 5, EAN and PAN, were selected for further investigation 
where a detailed solvation study was performed for the binary mixtures of both PILs with the most 
widely used molecular solvents; water, methanol, acetonitrile and DMSO. The aqueous mixtures of 
the 3 molecular solvents were also studied for comparison. All binary mixtures were prepared at 6 
different compositions over the full compositional range, including the neat components, and this 
resulted in a total of 66 different solvents. Using the optimal set of solvatochromic dyes as well as the 
3 solvatofluorochromic dyes from Chapter 5, the solvation properties were determined and 
comparatively analysed. The solvation behavior of the mixtures was elucidated based on the ideal 
and preferential solvation behaviours, and through this way favorable interactions between solute-
 20 
 
solvent and solvent-solvent were investigated in detail. Furthermore, by performing these solvation 
studies, an extensive data was provided in literature.      
 
Detailed information on materials, instruments and techniques used throughout these studies was 
given in each chapter separately.  
 
Chapter 7 provides concluding remarks and suggestions for future work.  
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CHAPTER 2. High-throughput approach to investigating ternary solvents of 
aqueous and non-stoichiometric protic ionic liquids 
 
2.1 Abstract 
The use of ionic liquids (ILs) is limited for many applications due to their cost and/or viscosity. An 
efficient solution is to make mixtures of ILs with molecular solvents. However, it is well known that 
there are large number of possible cation and anion combinations resulting in ILs, and this becomes a 
vast number when these are then combined with a molecular solvent. Therefore, we need structure-
property relationships to design new IL-molecular solvent systems. In this work we have applied high 
throughput methods to investigate IL containing solutions to provide systematic data of a broad 
compositional space. We have principally focused on the surface tension, apparent pH and liquid 
nanostructure to identify potential self-assembly and protein stabilizing ability of solvent systems. 
Non-stoichiometric and aqueous IL-solvents were prepared in a high-throughput manner based on a 
deliberate experimental design approach such that 26 samples were prepared for each cation-anion-
water combination. A selection of 8 protic ionic liquids (PILs) were used as starting materials, 
comprising ethanol-, ethyl-, butyl-, and pentylammonium cations combined with formate, acetate 
and nitrate anions. This resulted in a total of 208 different solvent systems. The measured solvent 
properties showed different trends in base-rich and acid-rich solvent combinations. Surface tensions 
of base-rich samples exhibited a relatively linear relationship with increasing excess amine, while 
acid-rich samples were more dominantly affected by the change in water content. Liquid 
nanostructure of acid-rich samples was retained upon water dilution, whereas a significant SAXS 
peak shift towards lower scattering angles was observed in the presence of excess amines, indicating 
larger nanosized aggregates were forming. The design of experiment approach used here is 
considered to be applicable to any multi-component solvent compositional space due to its suitability 
in using small data sets to cover large compositional spaces, and hence can be employed to decrease 
the time and sample quantities required.  
 
2.2 Introduction 
Ionic liquids (ILs) refer to solvent systems which are liquid below 100 °C, and consist mostly of cations 
and anions. They have potential applications in a broad range of fields, including as reaction media 
for biocatalysis, polymerization and organic synthesis, extraction solvents, heat storage, lubricants 
and analytical agents.1-3 ILs are highly tailorable, and their properties can be finely tuned through 
modifications to the cation and/or anion structure.1, 4-5 
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The viscosity and cost of many ILs imposes a significant limitation on which applications are viable. 
One solution to this is to combine ILs with molecular solvents. There are indications that this may be 
a prospective approach, however there is limited data available on these more complicated 
solvents.6-10 The use of binary or multicomponent mixtures of ILs with water, molecular solvents, 
conventional salts and other neutral species are increasingly receiving more attention in tailoring IL 
properties, such as decreasing the melting point and viscosity, increasing the conductivity and 
modifying the solubilization abilities.8, 11-16 However, there are few structure-property studies which 
look at these more complex mixtures. The effect of water is probably the most widely studied, with a 
focus on the benefits of reduced viscosity and increased conductivity.14, 17-18 Other studies have 
looked at the addition of molecular solvents, such as acetonitrile6, n-heptane16, acids12, bases19, or 
mixtures of ILs13. While there are limited investigations on binary IL-solvent systems, there are even 
fewer studies on multicomponent systems. Arce et al. have studied the liquid-liquid equilibria of 
ternary mixtures of 2-ethoxy-2-methylpropane, ethanol and 1-ethyl-3-methylimidazolium ethyl 
sulfate in order to determine the suitability of this mixture for separation processes20. Similar studies 
have been conducted for ternary mixtures of molecular solvents (methyl-, ethyl-, isopropyl acetate, 
their alcohol derivatives and water) and ionic liquids (alkylimidazolium cations combined with 
bis(trifluoromethylsulfonyl)imide, alkyl sulfates and water)21-25. In contrast, there are many 
investigations which have evaluated the structure-property relationships for series of ILs in their neat 
form. This includes comprehensive physicochemical, thermal and transport data26-35, liquid 
nanostructure36-41, and ability to promote self-assembly of amphiphiles and bioactive materials16, 42-45.  
 
To exploit the benefits which can be achieved through binary or ternary IL-molecular solvent 
combinations we need structure-property relationships which take into account the many variables 
including which IL(s), solvent(s) or solute(s) are present, and their concentrations. Considering the 
multi-variable sample space, new and more systematic approaches are required, since preparing and 
rigorously characterizing every possible IL-solvent-solute combination is not feasible. Besides, 
consistent systematic data enable us to apply more advanced and accurate data analysis. 
 
There is a recent and growing interest in using high-throughput and more sophisticated strategies 
such as neural networks for optimization of synthesis conditions46, preparation of sufficient number 
of samples as representative of multi-variable sample space47, selection of experimental 
techniques48, screening of large numbers of samples in terms of certain properties49 and developing 
model equations to be able to predict desired properties50. To date, only a few groups have used 
neural networks or other machine learning models to investigate liquid-liquid phase equilibria51 and 
viscosity52  for IL ternary mixtures, and surface tension for binary IL-molecular solvents53. 
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In this paper, we have focused on protic ILs (PILs) due to their ease of synthesis, and hence 
tailorability. It is expected that the findings will be relevant for aprotic ILs (AILs), since many 
structure-property relationships reported in the literature show similarities for PILs and AILs11, 27. The 
chemical structures of the 8 PILs used are provided in Figure 2.1, and we have investigated the 
surface tension, apparent pH and liquid nanostructure of 208 stoichiometric and non-stoichiometric 
PIL-water solvents, which were prepared and analysed in a high-throughput manner. These 
properties were selected due to their importance in the use of ILs as amphiphile self-assembly 
media, as solvents for a variety of solutes, and as solvents for proteins54.  
 
 
Figure 2.1. Chemical structures and abbreviations of the neat (stoichiometric) PILs. 
 
2.3 Experimental Method 
Materials. All Brønsted acid and Brønsted base reagents were used as received. The amine bases 
used were ethylamine (70%, Sigma-Aldrich), ethanolamine (99.5%, Sigma-Aldrich), butylamine 
(99.5%, Sigma-Aldrich), and pentylamine (99%, Sigma-Aldrich). The organic acids used were formic 
acid (98%, Merck) and acetic acid (99%, Sigma-Aldrich), and the inorganic acid used was nitric acid 
(70%, Ajax FineChem). 
Preparation of PILs. The neat, stoichiometric PILs of ethylammonium formate (EAF), butylammonium 
formate (BAF), pentylammonium formate (PeAF), ethylammonium nitrate (EAN), ethanolammonium 
nitrate (EOAN), butylammonium nitrate (BAN), pentylammonium nitrate (PeAN), and 
pentylammonium acetate (PeAA) were prepared and dried according to our previously reported 
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method29. The water content of the neat PILs were determined using a Mettler Toledo C20 Karl-
Fischer titrator. For viscous and solid PILs, 0.1 mL of 50 w/w % solution of the ionic liquid in diluted 
anhydrous methanol was injected for analysis.  
Preparation of Non-Stoichiometric & Aqueous PIL Samples. All PIL-water-acid (or base) solutions 
were prepared gravimetrically using Milli-Q water, and with precursor acids (or bases) added to the 
neat PIL. The solutions were prepared and sealed at least two days prior to characterization to 
enable equilibration.  
 
Characterization  
SAXS/WAXS. Small- and wide-angle X-ray scattering (SAXS/WAXS) experiments were performed on 
the SAXS/WAXS beamline at the Australian Synchrotron, Clayton, Australia. Samples were loaded 
into 1.5 mm special glass capillaries and sealed with beeswax to prevent water absorption or solvent 
loss. Samples were housed in a 48-sample capillary holder, with the temperature controlled using a 
Huber recirculating water bath. Scattering patterns were acquired for all samples at 25 °C, except for 
neat PeAN, where scattering data was collected at 50 °C since it is a solid at room temperature. The 
SAXS q range was 0.01–0.80 Å-1, and the WAXS q range was from 0.75 to 2.85 Å-1. The contribution 
from an empty capillary was subtracted from the scattering profiles.  
Surface tension. A Kibron EZPi Du Nuoy surface tensiometer was used to determine the surface 
tension of the PIL-solvent combinations at ambient temperature. 
Density. The densities of the neat PILs which were liquid at room temperature were measured at 20 
°C and 30 °C with a precision of ±0.00005 g/cm3 using a vibrating tube Anton Paar density meter 
(DMA 4500 M). The instrument was equipped with a built-in solid-state thermostat with an accuracy 
of temperature of ±0.03 °C. 
1H NMR. Proton nuclear magnetic resonance (1H NMR) were taken of each of the neat PILs dissolved 
in deuterated dimethyl sulfoxide (DMSO-d6) on a Bruker 300MHz instrument, with each 
measurement involving 32 scans, each with a relaxation time of 1 second.  
pH. Apparent pH measurements were obtained using a Mettler Toledo pH meter with an uncertainty 
of 2%. Only samples with a molar concentration of water greater than 0.4 mol were used in analysis, 
though measurements were made on more concentrated samples for completeness. The apparent 
pH and ionicity ranges for the samples varied from 3.4 to 13.8, and from 0 to 11 M, respectively. 
 
2.4 Results 
A selection of 8 neat PILs were used which contained primary alkylammonium cations combined with 
organic or inorganic anions, as shown in Figure 2.1. The PIL cations and anions were selected to 
reveal the effect of varying alkyl chain length and the presence of hydroxyl groups on the cation, as 
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well as the effect of modifying the anion between nitrate, formate and acetate. The physicochemical 
and liquid nanostructure of the neat PILs were characterized, with many of the properties for BAN 
and PeAA not previously reported, whereas the other 6 have been previously reported1, 29, 38, 55-56. PIL-
solvent combinations with varying acid-base-water ratios were prepared for each of these 8 neat 
PILs. An experimental design method called Latin Hypercube Sampling (LHS) was used to select 26 
compositions for each PIL which led to covering a large compositional space with only 208 samples. 
The liquid nanostructure, apparent pH and surface tension were measured for each sample and are 
discussed below. 
 
2.4.1 Neat protic ionic liquids 
A selection of physicochemical properties for the 8 neat PILs are provided in Table 2.1, along with 
their water contents. Physicochemical measurements were not performed for PeAN since it is solid 
at room temperature. Except for BAN and PeAA, the selected physicochemical properties have been 
previously reported29, 55 and our findings, given in Table 2.1 were in good accordance with those 
values. We have included the specific values obtained for these PILs which will differ somewhat 
between samples based on the water contents. The density of the nitrate containing PILs of EAN, 
BAN and EOAN were higher than the others, with the hydroxyl containing EOAN having the highest 
density. The surface tension for the neat PILs was the highest for EOAN, and then decreased with 
increasing alkyl chain length on the cation for the other PILs. For comparison, the physicochemical 
properties of the precursor amines and acids relevant to this study are provided in Table 2.2. The 
surface tensions of the PILs were all higher than those of their corresponding precursor amine. The 
densities of the PILs were higher than their corresponding precursor amine, but lower than that of 
their acid precursor. 
 
Table 2.1. Water content, liquid-vapour surface tension (ɣLV) and density (ρ) of the neat PILs. 
PIL 
Water (% wt) 
(± 0.05) 
ɣLV (mN/m) @ 
20.5 °C (± 0.5) 
ρ (g/cm3) @ 30 °C 
(± 0.002) 
EAF 3.00 46.9 1.048 
BAF 0.57 37.2 0.967 
PeAF 0.39 35.2 0.949 
PeAA 0.26 38.9 0.941 
EAN 0.21 47.6 1.205 
BAN 0.15 34.3 1.102 
EOAN 0.38 57.3 1.345 
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Table 2.2. Liquid-vapour surface tension (ɣLV), density (ρ) and dissociation constant (pKa)w of 
precursor amines and acids. 
Precursor Amines 
& Acids 
ɣLV (mN/m) 
@ 25 °C 
ρ (g/cm3) 
@ 25 °C 
pKawa 
Ethylamineb 19.2120 0.810121 10.87120 
Ethanolamine 48.3120 1.018122 9.50120 
Butylamine 23.4120 0.741122 10.80120 
Pentylamine 25.2120 0.754122 10.60120 
Formic acid 37.1120 1.220122 3.75120 
Acetic acid 27.1120 1.045122 4.76120 
Nitric acidb 41.2120 1.420121 -1.38120 
a pKaw is the dissociation constant in water where there is a low concentration of amine or acid.  
b Values are for analytical grade reagents (70 %). 
 
The liquid nanostructure of neat PILs was characterized using small and wide-angle X-ray scattering 
(SAXS/WAXS). There were two peaks present for all the PILs in the combined SAXS and WAXS q-range 
used, with the exception of EOAN which only had one. A representative pattern is shown in Figure 
2.2 for PeAN, and the scattering patterns of the other PILs have been provided in Figures S1-S3 of the 
ESI. The low q peak, q1, between 0.4 and 0.6 Å-1, corresponds to the correlation distance between 
polar head groups, and is also referred to as the intermediate range order. The peak occurring 
between 1.5 and 1.7 Å-1 is referred to as q2, and corresponds to shorter correlation distances present, 
such as between alkyl chains. Correlation distances were approximated for both peaks using Bragg’s 
law with dn = 2π/qn,max, where qn is the corresponding scattering vector at the peak maxima. The 
resulting correlation peaks and distances are given in Table 2.3, and were consistent with previously 
reported literature values11, 38. There was a linear relationship between the alkyl chain length and d1, 
with the nitrate containing PILs having slightly longer correlation distances (d1) and higher scattering 
intensity compared to those with carboxylate anions. 
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Figure 2.2. A) SAXS and B) WAXS patterns of neat PeAN. 
 
Table 2.3. SAXS/WAXS data of the liquid nanostructure of neat PILs at 25 oC, with q1 and q2 the 
scattering vectors corresponding to peak intensities, and d1 and d2 their corresponding correlation 
distances. 
PILs 
q1 (Å-1) 
(± 0.01) 
d1 (Å)  
(± 0.1) 
q2 (Å-1) 
(± 0.001) 
d2 (Å)   
(± 0.01) 
EAF 0.78 8.0 1.65 3.8 
BAF 0.49 12.9 1.55 4.0 
PeAF 0.40 15.6 1.52 4.1 
PeAA 0.47 13.4 1.52 4.2 
EAN 0.69 9.1 1.65 3.8 
BAN 0.45 14.1 1.55 4.1 
PeANa 0.39 16.2 1.51 4.2 
EOAN - - 1.65 3.8 
a Data acquired at 50 °C since the sample is solid at 25 °C and water content is 0.71 wt%. 
 
2.4.2 Non-stoichiometric and aqueous PIL solutions 
A statistical sampling approach called Latin Hypercube Sampling (LHS)60 was used to select 26 PIL-
water-acid or base compositions for each of the 8 neat PILs. This led to a total of 208 PIL-solvent 
combinations. The original LHS was generated using concentrations in wt%. Subsequently converting 
the water concentrations from wt% to molar ratios has led to a skewing of the compositions towards 
higher water proportions. Figure 2.3 shows the compositional space of all 26 PeAN combinations as a 
representative example. For each PIL, the samples are then classified as base-rich or acid-rich 
depending on which precursor is in excess. The exact compositions for base-rich and acid-rich PeAN 
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combinations are provided in Tables 2.4 and 2.5 respectively, along with the measured SAXS/WAXS 
peak positions, surface tension and apparent pH of each composition. The compositions for the other 
PILs are given in Figures S4-S10 of the ESI, and the exact compositions, surface tension and apparent 
pH are provided in Tables S1-S14 of the ESI. The differences in the compositions for each PIL-solvent 
series are due to variations in the water content of the precursor acids and bases. The apparent pH 
values are only provided for samples which had at least 0.4 molar water present. These values are 
considered as only indicative when there are higher proportions of PIL ions present (i.e. close to 0.4 
molar water) but are useful for comparing solvent behaviour and between PILs. It is evident from 
Table 2.5 that addition of any proportion of excess nitric acid lowers the apparent pH dramatically, 
due to nitric acid being a strong acid. Consequently, the apparent pH values for samples with excess 
nitric acid have been excluded from data evaluation. The apparent pH values for samples with excess 
formic and acetic acid did not show such extreme changes and have been included.    
 
Figure 2.3. PIL-solvent combinations of PeAN based samples according to the LHS design 
methodology. The acid to base molar ratio is the ratio of nitric acid to pentylamine in each sample. 
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Table 2.4. Molar ratio of water, acid to base molar ratio, SAXS/WAXS peak positions, surface tension 
and apparent pH of base-rich PeAN combinations. 
Base-Rich Samples 
Sample ID 
Molar ratio of 
water (±0.01) 
Acid to base 
molar ratio 
(±0.01) 
Surface tension 
(mN/m) (± 0.5) 
pH       
(± 0.2) 
q1 (Å-1) 
(± 0.01) 
q2 (Å-1)            
(± 0.001) 
PeAN 0.056 1  -  - 0.39 1.51 
PeAN_1b 0.054 0.012 25.0 12.9a - 1.43 
PeAN_2b 0.088 0.654 28.8 9.9a 0.39 1.52 
PeAN_3b 0.208 0.916 29.4 9.1a 0.38 1.52 
PeAN_4b 0.457 0.754 29.8 9.8 0.36 1.52 
PeAN_5b 0.471 0.303 27.5 11.1 0.35 1.52 
PeAN_6b 0.664 0.329 27.6 10.9 0.31 1.52 
PeAN_7b 0.807 0.537 29.4 10.4 0.26 1.81 
PeAN_8b 0.814 0.816 31.9 9.9 0.30 1.82 
PeAN_9b 0.845 0.165 26.3 11.4 0.22 1.65 
PeAN_10b 0.921 0.102 25.7 11.6 0.12 1.87 
PeAN_11b 0.927 0.408 27.6 10.9 0.12 1.93 
PeAN_12b 0.934 0.988 34.7 9.3 - 1.93 
PeAN_13b 0.990 0.610 35.5 11.0 - 1.93 
a Values provided for completeness where the water fractions were less than 0.4 mol.  
 
Table 2.5. Molar ratio of water, acid to base molar ratio, SAXS/WAXS peak positions, surface tension 
and apparent pH of acid-rich PeAN combinations. 
Acid-Rich Samples 
Sample ID 
Molar ratio of 
water (±0.01) 
Acid to base 
molar ratio 
(±0.01) 
Surface tension 
(mN/m) (± 0.5) 
pH       
(± 0.2) 
q1 (Å-1) 
(± 0.01) 
q2 (Å-1)            
(± 0.001) 
PeAN 0.056 1  -  - 0.39 1.51 
PeAN_1a 0.409 1.067 31.1 -0.9 0.37 1.52 
PeAN_2a 0.566 1.290 33.6 -1.1 0.35 1.65 
PeAN_3a 0.580 1.868 34.9 -1.4 0.34 1.65 
PeAN_4a 0.650 1.594 35.2 -1.2 0.35 1.65 
PeAN_5a 0.688 1.712 35.5 -1.2 0.35 1.65 
PeAN_6a 0.750 1.158 35.5 -0.4 0.34 1.82 
PeAN_7a 0.767 1.605 36.2 -0.9 0.35 1.82 
PeAN_8a 0.852 1.484 37.4 -0.5 - 1.86 
PeAN_9a 0.868 1.810 37.9 -0.6 - 1.93 
PeAN_10a 0.896 1.233 38.0 -0.1 - 1.93 
PeAN_11a 0.905 1.438 38.2 -0.2 - 1.93 
PeAN_12a 0.964 1.925 40.6 0.1 - 1.93 
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Surface Tension 
The air-liquid surface tension values of all base-rich PIL-solvent combinations are shown in Figure 2.4. 
All data has been plotted with respect to water fraction in Figures 2.4A, 2.4C and 2.4D and the same 
data is plotted with respect to acid to base ratio in Figures 2.4B, 2.4E and 2.4F. This results in plot 
pairs, with the formate containing PILs in Figure 2.4A and 2.4B, the nitrates in Figure 2.4C and 2.4D 
and the pentylammonium containing PILs in Figure 2.4E and 2.4F. The surface tensions for the acid-
rich compositions are similarly plotted in Figure 2.5. It is important to note that the water fraction 
and acid to base ratio are not changing independently, and hence the ‘spike’ in Figure 2.4F at acid to 
base ratio ~ 0.6 is due to samples which have a very high water content.  
 
The surface tension at each specific water and acid to base composition had higher values for the 
least hydrophobic ILs for both the acid-rich and base-rich compositions. The surface tension for the 
cations followed the series of ethanol->ethyl->butyl->pentylammonium, while the anions generally 
followed acetates>formates>nitrates for base-rich compositions and formates>acetates>nitrates for 
the acid-rich compositions. This result showed a good accordance with ion effects following 
Hofmeister series trends. According to the Hofmeister series61-62, nitrate anions are classified as more 
chaotropic having a higher tendency to accumulate at the surface than the simple carboxylates such 
as formates anions, which leads to the surface adsorption becoming positive, and hence decreasing 
surface tension 63-64. As expected, the highest surface tension was observed for EOAN containing PIL-
solvents at all compositions and is attributed to its low hydrophobicity and ability to form multiple 
hydrogen bonds, both as a donor and acceptor. The PILs containing pentylammonium cations had 
much lower surface tensions, which is enabled through the probable orientation of the pentyl chains 
into the air at the air-liquid surface.  
 
It is apparent from Figures 2.4A, 2.4C and 2.4E that for water contents above a molar fraction of 
approximately 0.6 there is a weak increase in the surface tension for base-rich samples with 
increasing water content. A similar effect is apparent for the acid-rich samples, though the trend is 
much stronger, as can be seen in Figure 2.5A, 2.5C and 2.5E, and it is present across all PIL-water 
compositions.  
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Figure 2.4. Surface tensions of base-rich solvent combinations plotted with respect to the molar ratio 
of water for A) PILs with formate anions, C) PILs with nitrate anions and E) PILs with 
pentylammonium cations, and plotted with respect to the acid to base molar ratio for B) PILs with 
formate anions, D) PILs with nitrate anions and F) PILs with pentylammonium cations. 
 
20
30
40
50
60
70
0.0 0.2 0.4 0.6 0.8 1.0
su
rf
ac
e 
te
n
si
o
n
 (
m
N
/m
)
molar ratio of water
A EAFBAF
PeAF
20
30
40
50
60
70
0.0 0.2 0.4 0.6 0.8 1.0
su
rf
ac
e 
te
n
si
o
n
 (
m
N
/m
)
acid to base molar ratio
B EAF
BAF
PeAF
20
30
40
50
60
70
0.0 0.2 0.4 0.6 0.8 1.0
su
rf
ac
e 
te
n
si
o
n
 (
m
N
/m
)
molar ratio of water
C
EAN BAN
PeAN EOAN
20
30
40
50
60
70
0.0 0.2 0.4 0.6 0.8 1.0
su
rf
ac
e 
te
n
si
o
n
 (
m
N
/m
)
acid to base molar ratio
D EAN BAN
PeAN EOAN
20
25
30
35
40
45
50
0.0 0.2 0.4 0.6 0.8 1.0
su
rf
ac
e 
te
n
si
o
n
 (
m
N
/m
)
molar ratio of water
E PeAA
PeAF
PeAN
20
25
30
35
40
45
50
0.0 0.2 0.4 0.6 0.8 1.0
su
rf
ac
e 
te
n
si
o
n
 (
m
N
/m
)
acid to base molar ratio
F PeAA
PeAF
PeAN
 37 
 
 
 
 
Figure 2.5. Surface tensions of acid-rich solvent combination0s plotted with respect to the molar 
ratio of water for A) PILs with formate anions, C) PILs with nitrate anions and E) PILs with 
pentylammonium cations, and plotted with respect to the acid to base molar ratio for B) PILs with 
formate anions, D) PILs with nitrate anions and F) PILs with pentylammonium cations. 
 
For the base-rich compositions, shown in Figure 2.4B, 2.4D and 2.4F, there was a clear trend for the 
surface tension to increase approximately linearly with increasing acid to base ratio, with this trend 
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for EOAN. For the acid-rich compositions, shown in Figure 2.5B, 2.5D and 2.5F, all the PILs displayed a 
peak in the surface tension at an acid to base ratio of ~1.4 overlaid on an otherwise approximately 
linear increase of surface tension with acid to base ratio. This ‘peak’ is an “artefact” of a few samples 
having higher water proportions, and when this is taken into account, there is a consistent increase 
in the surface tension with increasing acid to base ratio. 
 
The effect on the surface tension of modifying the acid-base ratio was significantly different between 
the base-rich and acid-rich samples. The acid to base ratio appears to have a greater effect for base-
rich samples, whereas the water content had a greater effect for acid-rich samples. This is consistent 
with the molecular species present, since the precursor amines, with the exception of ethanolamine, 
have considerable hydrophobic moieties, and these can preferentially orientate at the interface to 
decrease the surface tension.  
 
An alternate representation of the surface tension data for the PeAN and EOAN containing solvents is 
provided in Figure 2.6. On this representation all acid-rich samples are above the red line with acid to 
base ratio>1, whereas base-rich samples are below, with acid to base ratio<1. These plots enable 
increased visibility of the trends previously identified such as that the surface tension values of EOAN 
and PeAN samples increase with increasing acid to base ratio and water content ranging from 46.6 to 
69.6 mN/m and from 23.6 to 40.8 mN/m, respectively, which are very close to those of precursor 
amine and acid given in Table 2.2.  
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Figure 2.6. Contour view of surface tension (mN/m) values of the solvents containing A) EOAN and            
B) PeAN. The black dots denote the experimental values. 
 
 
A B 
 39 
 
Apparent pH 
pH measurements were performed on all 208 samples. However, due to pH being problematic to 
measure in highly concentrated salt solutions, such as most of these, we have only used values for 
samples with water contents of at least 0.4 molar in determining trends. We propose that these 
apparent pH values are indicative and useful, though not an absolute value. The apparent pH values 
for the base-rich and acid-rich samples are provided in Figures 2.7 and 2.8 respectively. The apparent 
pH values are also provided in Tables S1 to S14 of the ESI. Values for samples with <0.4 molar water 
have been included for completeness but have not been used in the data analysis or interpretation.  
 
The apparent pH values decreased approximately linearly with increasing acid to base ratio for both 
the base-rich compositions shown in Figure 2.7B, 2.7D and 2.7F and for the acid-rich samples shown 
in Figure 2.8B and 2.8D. This is as expected since it is directly correlating a decrease in apparent pH 
with an increase in acid species. The negative deviation from this trend for the acid-rich compositions 
is largely an “artefact” due to those samples having a higher water proportion than other 
compositions. The stronger basicity of precursor amines, according to their pKaw values given in 
Table 2.2, led to greater increases in apparent pH values for the base-rich samples.  
 
The apparent pH values had some variations as a function of which ions were present, with in 
general pH following ethyl->butyl->pentyl->ethanolammonium for the cations and 
acetates>formates >nitrates for the anions, all of which are consistent with the pKa of the precursor 
acids and bases. The base-rich solvents had their apparent pH mostly between 9 and 11, whereas the 
acid-rich solvents had apparent pH between 3 and 5.5 for carboxylate acids and -1 to 0 for the 
nitrates. All the base-rich samples had a small increase in the apparent pH with increasing water 
content, whereas the acid-rich samples which contained the carboxylic acids had a small decrease in 
apparent pH with increasing water content.  
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Figure 2.7. Apparent pH values of base-rich solvent combinations plotted with respect to the molar 
ratio of water for A) PILs with formate anions, C) PILs with nitrate anions and E) PILs with 
pentylammonium cations, and plotted with respect to the acid to base molar ratio for B) PILs with 
formate anions, D) PILs with nitrate anions and F) PILs with pentylammonium cations. 
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Figure 2.8. Apparent pH values of acid-rich solvent combinations plotted with respect to the molar 
ratio of water for A) PILs with formate anions, C) PILs with pentylammonium cations, and plotted 
with respect to the acid to base molar ratio for B) PILs with formate anions, D) PILs with 
pentylammonium cations. 
 
Contour plots are shown in Figure 2.9A and 2.9B for the apparent pH of EAF and PeAF, respectively. 
These clearly demonstrate the trends described above, showing minimal change with water 
concentration and large changes with the acid to base ratio ranging from 3.4 to 13.9. In addition to 
this, the effect of alkyl chain length of cation on pH can be clearly seen from the base-rich regions on 
contour plots where the acid to base ratio is below 1. The longer alkyl chained pentylamine with 
lower pKa led to slightly lower pH values than those of ethylamine derived solvent combinations. 
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Figure 2.9. Contour view of apparent pH values of solvents containing A) EAF and B) PeAF. The black 
dots denote the experimental values. The values on legend indicates different pH ranges. 
 
Liquid Nanostructure 
The liquid nanostructure of all 208 PIL-solvent combinations were investigated using Synchrotron 
SAXS/WAXS. For all the PIL-solvents there were zero or one resolvable peaks present within the SAXS 
region, and always one present in the WAXS region. The SAXS and WAXS patterns for 
pentylammonium nitrate containing solvents are provided as an example in Figure 2.10 for base-rich 
samples, and Figure 2.11 for acid-rich samples. The effect of water and acid/base ratio on the low q, 
intermediate range order correlation peak, q1, was very different between the base-rich and acid-rich 
samples. It is evident from Figures 2.10 and 2.11 that in the SAXS region the peak shifts to lower 
values (longer correlation distances), compared to neat PeAN, with increasing basicity and water 
fraction whereas there is no significant peak shift in the presence of excess acid. It is also evident that 
additional water, acid or base significantly decreases the intensity of the peak in the SAXS region. In 
contrast, the WAXS regions were similar for the base-rich and acid-rich samples.  
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Figure 2.10. A) SAXS and B) WAXS patterns of base-rich PeAN combinations. 
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Figure 2.11. A) SAXS and B) WAXS patterns of acid-rich PeAN combinations. 
 
In this investigation we have focused on the low q correlation peak which occurs in the SAXS region. 
This peak is due to intermediate range order in the liquids and is related to the distance between the 
ammonium headgroups, separated by alkyl chains. The correlation peak present between 1.5 to 1.8 
Å-1 can be viewed in the WAXS patterns of the ESI but is not discussed in the main manuscript.  
 
The intensity of the low q peak, q1, was highly dependent on which cation was present and the water 
content. This limited the solvents where this peak could be resolved. EOAN has previously been 
reported to have negligible intermediate range order and no peak in the SAXS region, and 
consequently no q1 values could be obtained for any EOAN containing samples38. Similarly, neat EAF 
and neat EAN have weak scattering in the SAXS region, and the low q peak decreased significantly 
with the presence of additional water, acid or base. This low intensity led to highly ambiguous peak 
A B 
A B 
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positions, and consequently q1 values were not include for EAF and EAN containing samples. 
Therefore, only the SAXS data for the PILs containing butylammonium or pentylammonium cations 
were used. For these PILs the compositions with the highest water fractions also had non-resolvable 
low q peaks and had to be excluded. For the base-rich samples this excluded samples PeAN_1b, 
PeAN_12b and PeAN_13b and for the acid-rich PeAN_9a, PeAN_10a, PeAN_11a and PeAN_12a. The 
SAXS and WAXS patterns for the butylammonium and pentylammonium PIL-solvents are provided in 
Figures S11-S18 of the ESI. The correlation distances, d1, are shown in Figure 2.12 for the base-rich 
samples, and in Figure 2.13 for the acid-rich samples. The values are provided in Tables S1 to S14 of 
the ESI. The WAXS patterns for the PIL-solvents containing ethylammonium and ethanolammonium 
are provided in Figures S19-24 of the ESI for completeness but are not discussed.  
 
Both water and acid to base ratios had significant effects on the correlation distance for the base-rich 
samples, as shown in Figure 2.12. The correlation distance for the base-rich samples increased 
slowly, and approximately linearly, with increasing water content, for water contents up to 0.8 molar, 
and then increased rapidly for further addition of water (Figure 2.12A, 2.12C and 2.12E). This is 
comparable to what has previously been observed for aqueous solutions of these precursor 
amines65. However, the samples with high water contents had weak peak intensities, indicating that 
the ordered structure of the solvents becomes weaker and more disrupted with separation of ions by 
high water dilution66. It has been proposed that neat forms of alkylammonium cation based PILs have 
a near-zero mean curvature or locally flat L3 sponge like bicontinous structure67. These ordered 
structures are considered to be partially retained on dilution by water, and also partially transformed 
into a branched cylindrical network depending mainly on the alkyl chain length of the cations, due to 
the increased polar domains in bulk. On this basis, the increased size of polar head group of cation 
leads to an interfacial curvature around non-polar domains68. Previously it has been reported that 
the SAXS peak positions of alkylammonium PILs were not affected significantly by water dilution65. 
However, this study shows that when the IL solvent contains excess amines and water then there are 
significant changes in the intermediate range order. For compositions which lead to a large shift to 
lower q values (larger correlation distances) this is indicative of nanoscale aggregates forming, driven 
by amine-water, amine-PIL and PIL-water interactions. Similar results have been previously obtained 
for binary mixtures of amine-water solutions65. This suggests that in base-rich PIL-solvents, 
depending on the amount of water and excess amine present in the medium, the initial 
nanostructure of neat PILs can be either maintained to some extent or different nanostructures can 
be formed due to the existing and additional solvophobic interactions.  
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Figure 2.12. Correlation distance, d1, of base-rich solvent combinations plotted with respect to the 
molar ratio of water for A) PILs with formate anions, C) PILs with nitrate anions and E) PILs with 
pentylammonium cations, and plotted with respect to the acid to base molar ratio for B) PILs with 
formate anions, D) PILs with nitrate anions and F) PILs with pentylammonium cations. 
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Figure 2.13. Correlation distance, d1, values of acid-rich solvent combinations plotted with respect to 
the molar ratio of water for A) PILs with formate anions, C) PILs with nitrate anions and E) PILs with 
pentylammonium cations, and plotted with respect to the acid to base molar ratio for B) PILs with 
formate anions, D) PILs with nitrate anions and F) PILs with pentylammonium cations. 
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Increasing the proportion of amine present (decreased acid to base ratio) led initially to small 
increases in the correlation distances compared to the neat PIL, as shown in Figures 2.12B, 2.12D and 
2.12F, followed by a more rapid increase for acid/base ratios below 0.4. The additional increase in 
correlation distance at acid to base ratios of ~0.4-0.6 Å-1 is an “artefact” due to the higher water 
content of these few samples. Consequently, as basicity and water fraction increase in the base-rich 
samples, correlation distances increased. It has been suggested that the dominating interactions are 
shifting from PIL-PIL to PIL-water or water-water interactions. Also, it has been noted that this can 
correspond to break-up of the polar and non-polar domains of PILs 65. 
 
For the acid-rich samples the trends were not as clear and consistent as they were for the base-rich 
samples. Increasing water proportion for the acid-rich samples led to a steady increase in the 
correlation distance, d1, for pentylammonium containing PIL solvents (Figure 2.13A, 2.13C and 
2.13E), but this was not observed for the solvents containing either of the butylammonium PILs. The 
addition of extra acid had little effect on the correlation distance, which is apparent for the acid-rich 
samples, shown in Figure 2.13B, 2.13D, and 2.13F.   
 
An alternate representation of the data is provided in Figure 2.14 for all the PeAN containing solvents 
showing a contour representation of d1. From this representation it is more obvious that an 
increased amount of precursor amine and water led to a remarkable increase in correlation distance, 
indicating nanoaggregate structures are present. In contrast, there was no significant change in 
correlation distances in the presence of excess acid.   
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Figure 2.14. Contour view of correlation distance, d1 (Å) values of all PeAN combinations. The black 
dots denote the experimental values. 
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A dominant effect for the acid-rich aqueous PIL samples is likely to be caused by dissociation of the 
precursor acids, with an increasing degree of dissociation with increasing water fraction. For 
instance, the ionization of nitric acid in aqueous solvents has been described through the reactions69 
as follows; 
 
𝑁𝑂3
− (𝐻2𝑂)𝑛 +  𝐻2𝑂 → 𝑁𝑂3
− (𝐻2𝑂)𝑛+1                             (Equation 1) 
and 
𝐻3𝑂
+(𝐻2𝑂)𝑛 +  𝐻2𝑂 → 𝐻3𝑂
+(𝐻2𝑂)𝑛+1                            (Equation 2) 
 
This is the mechanism of the dissociation of other acids and conventional salts. In the presence of 
ionic liquids, the charged reaction products are possibly embedded in the polar domain of the liquid 
nanostructure. Similar findings have been obtained by Hayes et al. where they have investigated the 
solvation mechanism of nitrate salts of Li+, Mg2+, Ca2+ and Al3+ in EAN and EOAN through MD 
simulations70. They found that nitrate salts of the given metal ions dissolve into ILs via the charged 
regions of the bulk where the metal ions reside in polar domains without affecting the proposed 
sponge-like structure of EAN. However, they also showed that salt addition has changed the 
clustered morphology of EOAN into a sponge-like structure due to the increased H bonding and 
electrostatic interactions, which increase the packing efficiency70. 
 
2.5 Discussion 
Ionic liquid studies where solvents and solutes are varied require a systematic approach to 
investigating the potentially very large compositional space. This requires the implementation of 
experimental design methodologies. Here we have used 8 different PILs with varying water and ion 
ratios. In conventional experimental methodology where solvent systems for each different PILs at 
each different composition, e.g. at 10 different water and 10 different acid to base ratios, are used, 
we would have had 800 samples in total. However, we used an LHS design approach to explore the 
compositional space with only 208 samples. This approach is also applicable for other studies with an 
equivalent sample space of PILs, molecular solvents and solute mixtures or for PIL libraries with 
systematic changes of structural features as one dimension, as it allows us to increase the efficiency 
and scope of structure-property relationship investigation.  
 
The IL containing solvents which we have analysed in this study are complex liquids, with many 
interactions and liquid nanostructure. It is important to have an understanding of the structure-
property relationships in order to gain an insight into how they will interact with solutes, and how 
their thermal and physicochemical properties will change with varying composition. Solvent effects 
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can be divided into two types of contributions: non-specific interactions, related to bulk 
characteristics of solvents such as polarity, relative permittivity, dipole moment and refractive index 
and specific interactions including all microscopic level interactions between solvent-solvent and 
solvent-solute molecules such as hydrogen bonding, Coulombic, hydrophobic/solvophobic, Van der 
Waals and dispersion forces/interactions, which determine the macroscopic properties of any 
solvent11, 68, 71-72. These interactions become more complicated as the number of species present 
increases, such as binary or multi-component IL mixtures, and for the non-stoichiometric aqueous IL 
solutions investigated in this study. 
 
Although there are previous studies, including ours, on understanding solvent-solvent interactions 
and solution properties upon mixing ILs with another IL or molecular solvents (e.g. water, alcohols, or 
acetonitrile15-16, 65-66, 73-84), the literature data sets are very limited and summarised property 
correlations vary from one studied data set to another. The main highlights of these studies can be 
summarised as follows: 1) IL nanostructure is often retained, though potentially modified, upon the 
addition of a second solvent at low or moderate concentrations, depending on size of the ions and of 
the added solvent; 2) with increasing concentration of the added solvent, the cation-anion 
interactions present in neat IL and H bonding network are disrupted leading to a transition from 
liquid nanostructure to solvent separated ion pairs; 3) segregation of polar and non-polar domains in 
the mixture is mainly dependent on the size of IL cation; and 4) non-ideal mixing behaviour is evident 
in IL-mixtures through the preferential solvation method where solvatochromic and/or 
solvatofluorochromic probe molecules are used.  
 
Regarding liquid nanostructure, as we discussed in the results section, our findings demonstrated a 
good agreement with the first 3 statements summarised from binary mixtures. For butyl- and 
pentylammonium derived PIL-solvents, the addition of acid decreased the intensity of the liquid 
nanostructure, consistent with diluting the nanostructure, and we propose the acid and water are 
present in the hydrophilic region of the IL. In contrast, additional amine increased the length scale of 
the intermediate range order, indicating that there were structural changes for the samples with 
excess amine, and this was consistent with what has previously been reported for the addition of 
alcohols40, 85-86. This indicates that the amines are likely incorporating within the structure, similar to 
co-surfactants in amphiphile liquid crystal phases.   
 
The development of structure-property relationships for aqueous non-stoichiometric PILs is complex, 
particularly due to having ionized and molecular forms of the neutral precursor amines and acids 
present, and varying hydration of different ions. There are only a few recent studies in the literature 
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where non-stoichiometric ILs have been investigated. Rogers et al. recently investigated the effect of 
non-stoichiometry on the physicochemical and thermal properties of n-butylammonium acetate 
([C4NH3][OAc])87 and triethylammonium acetate ([HN222][OAc])88. They proposed that the presence of 
excess acid led to the formation of a new anionic species, whereas the excess amines induced the 
formation of large clusters due to the increased hydrocarbon moieties87-88. However, the solvent 
systems in their studies were binary mixtures and mainly focused on improving the solubility of 
organic compounds, like drugs. A study on non-stoichiometric PIL mixtures has been reported by 
MacFarlane et al., where aqueous non-stoichiometric diamino protic ionic liquids compositions were 
explored to enhance CO2 absorption89. They concluded that base-rich systems exhibited an increased 
CO2 absorption capacity, whereas excess acid led to a low absorption. The addition of water led to an 
initial increase in CO2 absorption up to 20 %wt, which was attributed to the simultaneous formation 
of carbamate and bicarbonate species89. We recently reported on lysozyme stability and activity in 
aqueous non-stoichiometric PILs, showing that activity was maintained across a broad range of PIL 
cation-anion-water mixtures90. 
 
The measurement of proton activity, in other words apparent pH, in ionic liquids is difficult since 
reliable pH measurements require sufficient water in a solvent system. Although there is still no 
thermodynamically justified model or method to determine proton activity of ionic liquids and/or 
ionic liquid containing mixtures, researchers have been using some experimental approaches such as 
potentiometric titration91-92, solvatochromic indicators93, spectroscopic94 and electrochemical95-96 
methods. Using δ (N-H) proton chemical shift to describe proton activity of protic ionic liquid 
proposed by Byrne et al.94 has received much attention in past years. However, this method does not 
allow comparison between PILs with different hydrogen bonds present. Lately, electrochemical 
methods have emerged in this area and recently, Thompson et al. and Winther-Jensen et al. 
proposed the solid-state proton active redox centres, riboflavin and ferrocene to determine proton 
activity of non-aqueous solvents as well as ionic liquids within the pH range of 3-1195-96. The use of 
the existing methods for ILs is limited to very dry and non-aqueous solvents, and/or is very time 
consuming. Here we show that self-consistent apparent pH values could be obtained by using 
conventional glass-electrodes, and while the absolute proton activity values are not captured with 
increasing IL proportion, they do provide a useful indication of the pH present in the solvent 
environment. We envisage that for many applications these measurements will provide sufficient 
information for the design and selection of IL containing solvents. 
 
High-throughput strategies are essential in the field of ionic liquid research, and increasingly so with 
the current common practice toward using IL-solvent mixtures. Through traditional methods, the 
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preparation and characterization of sufficiently large solvent compositional space to properly 
optimise IL-solvent systems for specific applications is extremely hard and not feasible. In the present 
study, by means of high-throughput methodologies, we show how to design a statistically reasonable 
compositional space of a quite large sample space. Here we used 26 solvent compositions for each 
cation-anion-water combination and obtained useful heat maps.  This method is simple to implement 
and could be efficiently extrapolated to use for IL-molecular solvents, IL-IL, IL-solute and systems 
with more components present for a targeted application. For instance, as we reported in this study, 
the broad investigation into the liquid nanostructure and surface tension could enable the 
identification of IL-solvent combinations which are likely to be good amphiphile self-assembly and 
protein stabilizing solvents, depending on the amphiphile and proteins used. We have previously 
reported that the solvophobic effect is generally high for solvents with high surface tension and low 
developed nanostructure54. This study enables specific surface tension and liquid nanostructure 
length scales to be selected. Consequently, high-throughput strategies allow us to customize IL 
containing solvents with desired solvent properties for different applications in the most efficient 
manner.  
 
2.6 Conclusion 
In this study, primary alkylammonium cation based PILs combined with inorganic and organic acids 
have been investigated in their neat forms, and in the presence of excess acid and base precursors 
and water. High throughput methods were used for sample preparation, with 26 compositions 
selected for each acid-base-water system, leading to 208 solvent compositions covering 8 PILs, each 
with varying water and acid-base ration. In contrast, 800 compositions would be required with 10 
levels for each variable to cover the full compositional space.  The surface tension, apparent pH and 
liquid nanostructure, was measured for each sample, with these properties being directly relevant 
for quantifying if they are likely to be good solvents for promoting amphiphile self-assembly. It was 
found that the surface tension of base-rich samples had a stronger dependence on acid to base ratio, 
whereas the acid-rich samples had a stronger dependence on the water content. The intermediate 
range length scale of the liquid nanostructure had little change for the acid-rich samples, whereas 
the base-rich samples had significant correlation length increases with increasing water content 
and/or additional precursor base. The apparent pH values of both acid and base-rich samples were 
mainly dependant on the change in acid/base ratio, rather than water content. It is expected that 
much of the observed trends will be relevant for aprotic ILs and any IL containing multicomponent 
systems. This study exemplifies high throughput methods which can be applied to IL-molecular 
solvent mixtures and highlights the efficiencies and broader range of solvent conditions which can be 
 52 
 
explored through using these methods. We envisage this will aid in the identification and 
optimization of key properties of IL containing systems for their use in targeted applications.      
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CHAPTER 3. Machine Learning Approaches for Further Developing the 
Understanding of the Property Trends Observed in Protic Ionic Liquid 
Containing Solvents 
 
3.1 Abstract 
Ionic liquid containing solvent systems are candidates for very large compositional space exploration 
due to the immensity of the possible combination of ions and molecular species. The prediction of 
key properties of such multicomponent solvent systems plays a vital role in the design and 
optimization of their structures for specific applications. In this study we have explored two machine 
learning algorithms for predicting surface tension and liquid nanostructure of solvents containing a 
protic ionic liquid (PIL) with water and excess acid or base present. Machine learning algorithms of 
multiple linear regression (MLR) and Bayesian regularized artificial neural networks (ANN) were used 
to develop semi-empirical structure-property models for the data set, which comprised of 207 
surface tension and 80 liquid nanostructure data elements which we previously reported [Phys. 
Chem. Chem. Phys. 2019, 21, 6810-6827]. Based on the models, the significance levels for the impact 
of the alkyl chain length and the presence of hydroxyl groups on cation, type of anion, non-
stoichiometry and presence of water were elucidated. Both models are statistically applicable for 
designing new PIL containing solvent systems. Furthermore, the generated models were used to 
create response-surface plots, for both surface tension and liquid nanostructure, interpolated across 
the compositional space. An additional surface tension data set with 18 new data points within the 
same compositional space were used to test the prediction ability of models and the results showed 
all the models were successful for prediction. These machine learning approaches are highly suited to 
the development of structure-property relationships for ionic liquids, and particularly for the 
increasing use of ionic liquid-molecular solvent mixtures.  
 
3.2 Introduction 
Ionic liquids (ILs) have been used in many research and industrial applications, such as in energy 
storage and conversion devices, protein solubilization and stabilization, biocatalysis, organic 
synthesis, solvent extraction, sensor and many others1-9. They are classified as “designer solvents” as 
they can be tailored to have desired properties by suitable selection of the anion and cation8, 10. In 
addition, their properties can be further modified through mixing them with molecular solvents or 
other ILs11-14. However, the experimental optimization of a desired IL and/or IL containing solvent for 
a targeted application is challenging, and time-consuming, as there are vast numbers of potential 
combinations. Therefore high-throughput techniques are necessary for the rapid characterization of 
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IL containing mediums15. Sophisticated techniques, such as regression analysis and machine learning 
algorithms, are valuable for enabling prediction of solvent properties. Artificial and computational 
methods, such as genetic algorithms, explore complex search spaces very efficiently and can be 
applied to the identification and optimization of novel materials more rapidly than by physical 
experiments alone16. 
 
There is an emerging interest in using high-throughput and neural networks strategies in the field of 
ionic liquids for screening and analysing large numbers of samples to optimize properties and 
develop model equations. To date, only a few groups have used neural networks, or other machine 
learning models, to investigate IL containing solvents17-19. Torrecilla et al. explored a neural network 
model to predict the liquid-liquid phase equilibria for the mixtures of toluene, heptane and two 
different alkyl imidazolium based ILs. They suggested that prediction from the neural network 
models were in good agreement with their experimental findings17. Hossainzadeh et al. have 
proposed a machine learning algorithm to predict the viscosity of IL ternary mixtures as a function of 
composition, molecular weight and boiling point of components. They concluded that their machine 
learning algorithms provided good consistency and accuracy for prediction of the viscosity of their IL 
containing ternary mixtures18. Hashemkani et al. have successfully utilized machine learning 
algorithms to predict the surface tension of binary IL mixtures of 15 different imidazolium based IL 
with various molecular solvents19. 
 
We previously investigated 208 PIL-solvent combinations, prepared using 8 different neat PILs (Figure 
3.1), with varying acid-base-water molar ratios20. These solvent compositions are relevant for 
designing PIL containing solvents as solvents for amphiphile self-assembly and protein stabilizing 
purposes. Important solvent properties for these applications include liquid nanostructure, surface 
tension and apparent pH, and these were previously obtained for each solvent condition20. Trends 
were obtained showing how these solvent properties are affected by the change in alkyl chain 
length, the presence of hydroxyl groups on the cation, the type of anion, as well as by varying the 
acid to base and water molar ratios20.   
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Figure 3.1. Chemical structures of neat (stoichiometric) PILs20 
 
It is known that the solvent properties of surface tension and liquid nanostructure vary significantly 
with changes in solvent composition21-27. It is also known that changing the chemical structure of the 
neat PILs has a large effect on the surface tension28-29 and liquid nanostructure25, 30-31. The 
experimental data for the PIL containing solvents used in this work had surface tension values 
between 23.6 mN/m and 69.6 mN/m, and liquid nanostructure correlation distances, d1, between 8.0 
Å and 28.2 Å, which indicates the distance between polar head groups and the alkyl chain length. 
These multi-component solvents are highly tunable, but the large number of variables means that 
structure-property relationships are difficult, particularly for identifying trends other than the most 
dominant.  
 
In this study we have developed semi-empirical structure-property relationship models from this 
experimental data for the surface tension and liquid nanostructure of PIL containing ternary solvent 
systems20. We have employed two different machine learning algorithms; 1) multiple linear 
regression (MLR) with and without cross terms, and 2) non-linear artificial neural network (ANN). 
Structure-property models were built based on these algorithms, along with response-surface plots 
for the entire multivariable sample compositions through interpolation. In addition, the prediction 
ability of the models was tested using 18 additional surface tension data.  
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3.3 Method 
The preparation of the ternary PIL-solvent compositions was previously reported20, with precursor 
amines, acids and water added at various compositions to the 8 neat PILs shown in Figure 3.1. This 
led to 26 solvent samples for each PIL, and a total of 208 solvents. The experimentally measured data 
consisted of 207 surface tension values, and 80 liquid nanostructure correlation distances of 
intermediate range order, d1. Of the 208 sample compositions, only neat PeAN was solid at room 
temperature, and hence there is no surface tension value for it. Regarding liquid nanostructure, only 
80 of the 208 samples were used in model development since 128 samples had no, or negligible, 
liquid nanostructure observable in their SAXS patterns. 
 
For this paper, an additional 18 samples were prepared at various acid to base and water molar 
ratios, and their surface tensions measured to test the reliability of the models over the given sample 
compositional space. The exact compositions of these new samples are given in the Results section.  
 
The data from the 208 solvents was partitioned into training sets and test sets using k-means 
clustering162. The training set contained 80% of the data and was used to generate the models. The 
remaining 20% of the data constituted the test set, which was used to estimate how well the models 
could predict new data. The overall workflow of machine learning models has been provided in 
Figure S1 of the ESI.   
 
The input descriptors were determined based on the differences in the chemical structure of neat 
PILs, the precursor acid to base ratio, and the water molar ratios. The descriptors, X1 to X5, are: 
• X1, number of C atoms on the cation 
• X2, number of -OH groups on the cation 
• X3, number of C atoms on the anion 
• X4, acid-to-base molar ratio (mol of anion/mol of cation) 
• X5, molar ratio of water (mol of water/total mol) 
The quantified ranges for the chemical structural descriptors (X1, X2 and X3) are given in Table 3.1. 
The molar ratio range for water, X4, was from 0 to 1, and acid to base ratio, X5, was varied from 
near-zero to 2 with a mid-value of 1 indicating a stoichiometric PIL. The chemical structural 
descriptors of X1, X2 and X3 are integer descriptors whereas X4 and X5 are continuous.  
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Table 3.1. Chemical structural input descriptors used in the models 
PIL X1 X2 X3 
EAN 2 0 0 
EOAN 2 1 0 
EAF 2 0 1 
BAF 4 0 1 
BAN 4 0 0 
PeAF 5 0 1 
PeAN 5 0 0 
PeAA 5 0 2 
 
Multiple linear regression (MLR) was used to construct both linear and non-linear models for each 
property: the surface tension (Y1) and correlation distance d1, (Y2). In addition, Bayesian regularized 
artificial neural networks (ANN) using a Gaussian prior33-34 was used to construct a model for each 
property. These models were run using an in-house BioModeller program33-35, and the principles of 
these models have been provided in the ESI, and described below.  
 
Multiple Linear Regression (MLR) 
The MLR algorithm was first investigated with only using singular input descriptors (no cross terms). 
The generalized model equation is given in Equation 3.1, where Inti and Ci denote the intercepts and 
regression coefficients of each factor.  
 
𝑌𝑖 = 𝐼𝑛𝑡𝑖 +  ∑ 𝐶𝑋𝑛,𝑖 𝑋𝑛
5
𝑛=1                                              (Equation 3.1)      
 
To evaluate the common and combined effect of different input descriptors, we also employed an 
MLR algorithm where the cross-terms of input descriptors are included in the model equation as 
given in Equation 3.2.  
 
𝑌𝑖 = 𝐼𝑛𝑡𝑖 +  ∑ 𝐶𝑋𝑛,𝑖 𝑋𝑛
5
𝑛=1  +  ∑ 𝐶𝑋𝑛−𝑚,𝑖 𝑋𝑛
4,5
𝑛=1,𝑚=2 𝑋𝑚     (Equation 3.2) 
 
      
 62 
 
Artificial Neural Network (ANN) 
The non-linear ANN model used three-layer networks with the same number of input nodes as the 
descriptors used, along with a hidden layer node and a single output node corresponding to the 
solvent property being modelled (surface tension or correlation distance). A detailed illustration for 
the ANN model is provided in Figure S2 of the ESI. 
 
The performances of all three models have been assessed based on statistics of correlations. The 
statistics consist of the squared correlation coefficients between the predicted and experimental 
values for training (R2) and test (Q2) sets along with the standard error values indicated as standard 
error of estimation (SEE) for training set and standard error of prediction (SEP) for test set. 
Assessment has been done based on the well-defined model fit criteria suggested in the literature36-
37.   
 
3.4 Results 
In this study, experimentally obtained data from 208 ternary PIL-solvent combinations was used to 
build the MLR model equations and ANN model. Surface tension data was available for each solvent 
combination, with the exception of neat PeAN since it is solid at room temperature20. The liquid 
nanostructure was only obtainable for 80 compositions, corresponding to those with longer alkyl 
chains, and higher PIL concentrations20. The surface tension and liquid nanostructure for all these 
ternary PIL containing solvents were previously reported20, and as an example, a visual 
representation of the experimental data for PeAN containing solvents are provided in Figure 3.2.  
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Figure 3.2. Contour plots of the experimentally measured data for the PeAN derived solvent 
combinations for A) surface tension (mN/m), and B) correlation distance, d1 (Å). The black dots 
denote experimental values and the red line indicates the stoichiometric combinations of cation and 
anion over the full range of water molar ratios20. 
 
Here we have used two machine learning techniques, MLR and ANN, to elucidate the effect of alkyl 
chain length, hydroxyl group present on PIL-cation, type of PIL-anion, non-stoichiometry and 
presence of water on surface tension, and separately for liquid nanostructure. For each property, the 
MLR linear models are firstly discussed, with and without cross-terms, followed by the ANN model. 
Lastly, through data interpolation, we generated response-surface plots showing the predicted data 
points over the entire compositional space. In addition, we have used 18 new surface tension data to 
test the reliability of predicted response-surface values. Also, for the liquid nanostructure we have 
used MLR and ANN to construct a binary YES/NO model based on whether or not the data had 
observable liquid nanostructure. The input descriptors used to define the samples are provided in 
the Method section.  
 
3.4.1 Surface Tension  
The multiple linear regression models (MLR) with and without cross terms obtained for surface 
tension are provided in Equations 3.3 and 3.4, respectively. The coefficient sign for each descriptor 
indicates whether increasing that parameter will increase or decrease the surface tension (positive or 
negative value, respectively), and the magnitude of the coefficient gives a measure of how large an 
effect it has on the surface tension. It should be noted that there is a strong potential for misleading 
data which can be obtained through including cross terms, though there is the benefit of an 
improved fit to the experimental data. This is discussed in detail below. The number of cross terms in 
the models was varied to obtain the lowest standard error of prediction, SEP, and as evident in 
A B 
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Equation 3.4, occurred where there were only three cross terms present (more details in the 
following section).  
 
𝑌1(𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑡𝑒𝑛𝑠𝑖𝑜𝑛) = 49.19 − 5.76 𝑋1 +  8.04 𝑋2 +  1.87 𝑋3 +  6.77 𝑋4 +  8.17 𝑋5 
                                                                                                                                                             (Equation 3.3)      
𝑌1(𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑡𝑒𝑛𝑠𝑖𝑜𝑛) = 38.58 − 3.22 𝑋1 +  8.39 𝑋2 +  1.53 𝑋3 +  7.04 𝑋4 +  25.43 𝑋5 +
 4.19 𝑋1𝑋2 − 4.07 𝑋1𝑋5 − 14.59 𝑋2𝑋5      
                                                                                                                                                             (Equation 3.4) 
 
All input data was normalized within their own ranges to enable meaningful comparisons using min-
max normalization method based on the formula of X’=(X-Xmin)/(Xmax-Xmin). The scaled coefficients for 
the MLR surface tension models are shown in Figure 3.3,  with and without cross terms.  
 
 
Figure 3.3. Significance levels of input variables on surface tension of PIL-solvent combinations for A) 
MLR without cross-terms, and B) MLR with cross-terms included. 
 
It is evident from comparing Equation 3.3 with Figure 3.3A that the normalisation had a significant 
effect on the coefficients for each parameter, and similarly for comparing Equation 3.4 with Figure 
3.3B. The normalised models have been used for comparing and discussing the results in this paper 
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to enable meaningful comparisons between parameters. However, it should be noted that the model 
equations need to be used for predicting properties of different IL solvents. 
 
The effect of singular and cross terms on the MLR models for surface tension models is evident from 
Figure 3.3A and 3.3B respectively. Based on the model coefficients for singular terms (Figure 3.3A), it 
can be seen that the number of carbon atoms on the cation (X1) showed the dominant and negative 
impact on the surface tension values, whereas the acid-base ratio (X4) had the largest positive 
impact. In contrast, coefficients of the MLR surface tension model with cross-terms (Figure 3.3B) 
showed that the molar ratio of water (X5) had the largest positive effect. Interestingly, a large 
negative effect was seen by the mutual change in number of -OH group on cation and water ratio 
(X2X5). From our previously reported data20, we know that both the presence of -OH group and 
increasing water content lead to an increase in surface tension, which is contradictory to what the 
coefficients of the model with cross-terms indicates. Consequently, we would like to emphasize that 
while the inclusion of cross-terms improves the fit between the model and the data, and can provide 
useful insight, artefacts, such as the negative effect of the X2X5 term, may arise.  
 
A non-linear ANN algorithm was also applied to the same training and test data sets, and the same 5 
input descriptors were used without cross-terms. Unlike MLR models, there is no resulting model 
equation from ANN model. The agreement between the model and the experimental data, along 
with the ability to predict new data is discussed in the section below. Surface response curves have 
been generated using the ANN model, and are compared to those for both MLR models. 
 
Model comparison for surface tension 
The efficiency and robustness of all three models have been statistically assessed and the results are 
summarized in Table 3.2 for both the training and test sets of data. This includes the standard error 
of estimation (SEE) for the training set, and the standard error of prediction (SEP) for the test set. 
Similarly, the squared correlation coefficient between the predicted and experimental values is 
provided as R2 for the training set, and Q2 for the test set.  The effective weight indicates the number 
of parameters (terms) used in each model. The MLR model with cross terms was run such that the 
program could include any cross terms, and iterated until the SEP was minimized, which occurred 
when only 3 cross terms were present. For ANN model, the effective weight or the number of terms 
is determined by the program through Bayesian regularization and therefore, it could be either an 
integer or a rational number. 
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Table 3.2. Statistical results for multiple linear regression (MLR) and artificial neural network (ANN) 
models 
Output function Model type 
Effective 
weights 
Training Test 
R2 SEE Q2 SEP 
 Surface tension, mN/m 
MLR 6 0.81 4.94 0.83 4.61 
MLR (with cross-terms) 9 0.80 4.94 0.89 3.41 
ANN 13.2 0.87 3.78 0.90 3.52 
 
The models are shown to be good based on the low standard errors, high correlation coefficients, 
and similarity between training and test results. The R2 and Q2 values are all equal or higher than 0.8, 
and combined with the relatively low SEE and SEP values this indicates that these models are 
statistically applicable for developing quantitative structure-property relationships for the studied 
multivariable PIL-solvent combinations36-37. It can be seen from Table 3.2 that the test set statistics, 
Q2, were higher than the corresponding R2 values for the training sets; however, the statistics of 
standard error of estimation (SEE) and standard error of prediction (SEP) were similar for all three 
models. According to these statistics, it is apparent that the ANN model performs better than the 
linear ones due to the lower SEP values and hence, has a more reliable measure of predictivity. 
Comparison of the MLR models (with and without cross-terms) shows there is not much difference in 
the correlation coefficients or standard error values, though the MLR models with cross-terms are 
slightly better. This suggests that using only singular terms in the MLR model can be considered as 
statistically reasonable for the surface tension of these samples.  
 
The correlation between the experimental and predicted surface tension values for the MLR models 
with and without cross-terms and the ANN model are provided in Figure 3.4A, 3.4B and 3.4C, 
respectively. As mentioned earlier, the experimental data was validated by partitioning it into 
training (80%) and test (20%) sets, and the separation of the data into these two sets are shown in 
each figure as triangles and circles, respectively. 
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Figure 3.4. Experimental and predicted surface tension in PIL-solvent combinations according to the 
linear and non-linear models. A) MLR without cross-terms, B) MLR with cross-terms included, and C) 
ANN. Triangles and circles denote the training and test data sets, respectively. 
 
It is evident from Figure 3.4 that all three models demonstrated sufficiently good fits to be useable. 
The deviations between predicted and experimental values for each solvent property are visually 
decreased when cross-terms are included into the MLR model (Figure 3.4B), consistent with the 
statistics in Table 3.2. Further improvement was obtained through using the ANN model (Figure 
3.4C). It should be noted that misleading structure-property relationships were obtained from the 
models with cross-terms and care should be taken to ensure models are meaningful.  
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Response-surface plots for surface tension                 
Response surface plots are widely used in statistics to visualize the entire surface using the models 
built. They can also be used to identify the optimum conditions, if there are any. Here, the MLR and 
ANN models were rebuilt for each property using the entire data set (100%) for training instead of 
partitioning it into training and test sets. This enabled a better prediction for the unknown 
compositions, called “interpolated data” hereinafter. These interpolated data were obtained for each 
property, and for each PIL in the compositional range with acid to base ratios between 0 to 2.0, and 
water ratios between 0.1 and 1.0 with step sizes of 0.2 and 0.1, respectively. This led to 120 
generated data points from each model for each PIL, and a total of 960 interpolated solvent 
combinations for all the PILs. These 960 interpolated data were then fitted using new linear model 
equations provided in the ESI (Equations S1-S4) and the non-linear algorithm for MLR and ANN 
models, respectively. The 3D response-surface plots were then generated for each PIL.  
 
The 3D plots of surface tension values predicted for PeAN derived solvent combinations are shown in 
Figure 3.5 as a representative example using MLR, MLR with cross-terms and ANN algorithms. 
Response-surface plots of the solvent systems derived from the other PILs are provided in Figures S3 
– S9 in the ESI. All the response-surface plots were plotted with respect to acid to base ratio and 
water ratio, since the other 3 input variables are constant in prediction of an output function for a 
specific PIL.  
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Figure 3.5. Response-surface plot of surface tension (mN/m) values with respect to acid to base ratio 
and molar ratio of water predicted for PeAN derived solvent combinations using A) MLR, B) MLR with 
cross-terms and C) ANN. Black dots are initial experimental values whereas red dots are 18 new 
experimental values which were not used in the development of the models. 
 
The response-surface plots obtained using the interpolated data are good evidence combined with 
the previous inner-model predictions given in Figure 3.5 to show that the MLR with and without 
cross terms behave similarly in terms of the output accuracy. As expected, the visually best 
agreement between experimental and predicted surface tension data was for the ANN (Figures 3.5C), 
then for MLR with cross-terms included (Figures 3.5B), and the least was for MLR (Figures 3.5A). 
Overall, it is evident that the surface tension values were modelled quite well by MLR with or without 
cross terms, as well as by ANN. Similar model accuracies were obtained for the other sets of PILs, of 
which the resulting response-surface plots have been provided in the ESI from Figure S3 to Figure S9.   
A B 
C 
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To test the reliability of response-surface plots, the predicted data has been validated by employing 
18 additional experimental surface tension measurements at data points which were not a part of 
the initial data set. The compositions of these 18 new samples are provided in Table 3.3, along with 
their measured surface tensions. The calculated (or predicted) surface tension from the linear MLR 
models with and without cross terms and from non-linear ANN are given in Table 3.3. It must be 
noted that the predicted values from the ANN model were calculated for the given random 
compositions through interpolation between the two nearest grid points used to generate the entire 
response-surfaces. 
 
Table 3.3. The molar compositions of acid-base-water, the experimentally measured and calculated 
(or predicted) surface tension data, along with the differences, of 18 interpolated PeAN derived 
solvent combinations. 
acid-to-
base ratio 
(mol of 
anion/mol 
of cation) 
water 
ratio 
(mol of 
water/ 
total 
mol) 
surface tension, ɣLV (mN/m) (± 0.5) 
measured 
calculated 
through 
MLR 
Δ ɣLV 
(measured-
calcMLR) 
calculated 
through 
MLR with 
cross-terms 
Δ ɣLV 
(measured-
calcMLR-cross) 
predicted 
through 
ANN 
Δ ɣLV 
(measured-
predANN) 
1 0.3 32.1 29.5 2.6 31.1 1.0 31.7 0.4 
1 0.4 32.8 30.3 2.5 31.6 1.2 31.0 1.8 
1 0.5 33.9 31.2 2.7 32.1 1.8 30.6 3.3 
1 0.6 35.0 32.0 3.0 32.6 2.4 30.7 4.3 
1 0.7 36.1 32.8 3.3 33.1 3.0 31.3 4.8 
1 0.8 37.5 33.6 3.9 33.6 3.9 32.6 4.9 
1 0.9 39.0 34.4 4.6 34.1 4.9 34.8 4.2 
1.560 0.3 33.5 33.1 0.4 35.5 -2.0 36.6 -3.1 
1.560 0.4 34.2 34.2 0 36.2 -2.0 35.9 -1.7 
1.560 0.5 35.2 35.0 0.2 36.7 -1.5 35.6 -0.4 
1.560 0.6 35.9 35.9 0 37.2 -1.3 35.6 0.3 
1.560 0.7 36.7 36.7 0 37.7 -1.0 36.1 0.6 
1.560 0.8 37.8 37.5 0.3 38.2 -0.4 37.4 0.4 
0.492 0.1 30.3 24.4 5.9 26.0 4.3 29.0 1.3 
0.492 0.3 30.0 26.0 4.0 27.0 3.0 27.0 3.0 
0.492 0.5 29.9 27.6 2.3 28.0 1.9 26.0 3.9 
0.492 0.7 30.3 29.3 1.0 29.0 1.3 26.7 3.6 
0.492 0.9 30.2 30.9 -0.7 30.0 0.2 30.5 -0.3 
Mean deviation (average) 2.0  1.2  1.7 
       
From Table 3.3, it can be seen that the calculated (or predicted) surface tension values were 
reasonably close to the new experimental values, with average mean deviations of 2.0 mN/m, 1.2 
mN/m and 1.7 mN/m for MLR, MLR with cross-terms and ANN models, respectively. The SEE for both 
MLR models was previously calculated to be 4.94 mN/m (Table 3.2), and as expected, nearly all these 
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values were within that range. There was only one value outside this range, which had a Δ ɣLV value 
of 5.9 mN/m (Table 3.3) and was the least dilute and most basic of these new samples. This 
difference was attributed to the surface tension values having less linearity for the samples with 
excess amine present. For comparison, the largest difference was 4.9 for the MLR model with cross 
terms, and for the ANN model. The values predicted by ANN were more accurate than those from 
the MLR model without cross terms, since the mean deviations were 1.7 and 2.0, respectively. All in 
all, the response-surface plots given above would be a good measure for predicted surface tension 
values within the entire compositional space.  
 
3.4.2 Liquid Nanostructure 
The liquid nanostructure for ionic liquids arises from segregation of the non-polar alkyl chains, 
leading to polar and non-polar domains9-10. We previously reported that for these compositions 
increasing the water concentration, acid precursor proportion, or including a hydroxyl group on the 
alkyl chain significantly decreased the intensity of the SAXS peak associated with the intermediate 
range order15, 20-22, 30. Consequently, only 80 of the 208 compositions had sufficiently well-defined 
peaks in the SAXS data to enable a peak position to be obtained. Others had evidence of peaks, but 
had weak intensity and ambiguous positions as illustrated in Figure 3.6 for the representative PeAN 
derived samples. In this study we have only investigated how the SAXS peak positions change with 
the change in input descriptors and have not included the peak intensities. In the models, the 
correlation distance, d1, was used as a measure of the liquid nanostructure, which is approximated 
from Bragg’s Law of d1 =2π/qmax, where qmax is the scattering vector at peak intensity. 
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Figure 3.6. Representative SAXS patterns of neat, acidic and basic PeAN samples. The acid to base 
molar ratio and molar ratio of water of the samples were 1.0 and 0.028 for neat PeAN, 1.23 and 
0.896 for acidic sample and 0.61 and 0.990 for basic sample. 
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Based on these SAXS patterns, we first sorted all 208 samples into two categories, one with 
observable and identifiable SAXS peaks and the other with no or negligible SAXS peaks. We then 
developed a MLR model and an ANN model with binary outputs for whether the sample had, or did 
not have, identifiable liquid nanostructure present and have termed this a YES/NO. Figure 3.7 shows 
the solvent compositions having liquid nanostructure (80 in total) and those with no liquid 
nanostructure (128 in total) with respect to acid to base ratio and molar ratio of water as well as the 
number of carbon atoms on cation. For ease of viewing, the samples are separated into Figures 3.7A, 
3.7B and 3.7C by the alkyl chain length of the PIL cations of 2, 4 or 5 carbons. It can be clearly seen in 
Figures 3.7B and 3.7C that the PILs with longer alkyl chain lengths retained the liquid nanostructure 
up to high water dilutions and were affected less by the change in acid to base ratio, except for highly 
basic samples. In contrast, very few of the samples with only 2 carbons in the alkyl chain, Figure 3.7A, 
displayed appreciable liquid nanostructure.  
 
 
 
Figure 3.7. Illustration for presence or absence of liquid nanostructure of PIL-solvent combinations.              
A) PILs with 2 carbons, B) PILs with 4 carbons and C) PILs with 5 carbons on cation. 
 
The input data for the YES/NO models was then partitioned into two sets, as described in the 
Method section, with 80% of the data used as a training set and the remaining 20% used as a test set 
of prediction. The accuracy of these YES/NO models were determined, and the results are 
summarized in Table 3.4. It can be seen that the accuracies of both MLR and ANN models were 
sufficiently good, with ANN being more accurate. This shows that either the MLR or ANN models 
C B A 
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could be used to make predictions for whether the studied PIL-solvent systems are likely to have 
appreciable liquid nanostructure present, within the given ranges of compositions.  
 
Table 3.4. Accuracies of YES/NO models for liquid nanostructure data 
 
Effective 
weights 
# of errors Accuracy 
traininga testb training test 
MLR 6 23 8 0.86 0.81 
ANN 13.6 12 3 0.93 0.93 
 
a,b The total number of data in training and test sets were 167 and 41, respectively.  
 
Secondly, the 80 samples with appreciable liquid nanostructure were used to develop MLR (with and 
without cross terms) and an ANN model for the correlation distance. The descriptor for the number 
of OH groups, X2, was omitted from the liquid nanostructure model due to the OH containing PIL of 
EtAN having negligible nanostructure. The MLR model equations are provided in Equations 3.5 and 
3.6 for the models with and without cross terms, respectively. The minimum standard error was 
obtained with the inclusion of 6 cross terms for the liquid nanostructure MLR model, and the specific 
terms are included in Equation 3.6. 
 
𝑌2(𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒, 𝑑1) = 4.53 + 2.76 𝑋1 − 0.51 𝑋3 − 3.81 𝑋4 + 8.04 𝑋5           (Equation 3.5) 
 
𝑌2(𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒, 𝑑1) = 5.32 + 1.03 𝑋1 + 0.76 𝑋3 − 1.19 𝑋4 +  7.97 𝑋5 − 0.27 𝑋1𝑋3 +
1.35 𝑋1𝑋4 + 2.33 𝑋1𝑋5 − 0.67 𝑋3𝑋4 + 0.72 𝑋3𝑋5 − 13.70 𝑋4𝑋5                                                                                                                   
                                                                                                                                                           (Equation 3.6) 
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Figure 3.8. Significance levels of input variables on correlation distance, d1 of PIL-solvent 
combinations for A) MLR without cross-terms, and B) MLR with cross-terms included 
 
The coefficients for normalized data are shown in Figure 3.8 for the two MLR models. It can be seen 
in Figure 3.8A (MLR, no cross-terms) that the correlation distance increases upon water dilution (X5), 
decreases with increasing excess acidity (X4), and increases with increasing alkyl chain length (X1). 
However, when the model was built including cross-terms (Figure 3.8B), the interaction between X4 
and X5 exhibits the most profound and negative effect on liquid nanostructure, while the interaction 
between X1 and X4 affects the liquid nanostructure positively. This was consistent with our previous 
findings where we stated that liquid nanostructure of the samples with excess acidity was retained 
upon water dilution, whereas a significant SAXS peak shift towards lower scattering angles and 
hence, greater correlation distance was observed in the presence of excess amines, indicating larger 
nanosized aggregates were forming20. In contrast to surface tension, the liquid nanostructure is more 
sensitive to simultaneous changes, such as the acid-to-base ratio and the water content in particular, 
which indicates that the MLR with cross-terms model would be more suitable. However, it must be 
noted that PIL-solvents with shorter alkyl chained or -OH group containing cations were not included 
in these models since they exhibited no, or negligible, liquid nanostructure.   
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Model comparison for liquid nanostructure 
All three models were compared based on the model statistics given in Table 3.5, which are 
analogous to the statistics given in Table 3.2 for the surface tension models. The test set statistics of 
the correlation coefficient, Q2, were generally better than the corresponding values of training sets, 
R2, where the similar trend can be seen for the standard errors. These statistics show that the model 
performance based on standard errors was improved from the simple MLR model through inclusion 
of cross terms in the MLR model, and significantly improved through use of the ANN model. The 
visualization of the statistics is provided in Figure 3.9, with the predicted and experimental values for 
each model plotted, and the data in the training and test sets represented by triangles and circles, 
respectively. 
 
Table 3.5. Statistical results for multiple linear regression (MLR) and artificial neural network (ANN) 
models 
Output function Model type 
Effective 
weights 
Training Test 
R2 SEE Q2 SEP 
 Correlation distance d1, Å 
MLR 5 0.84 1.59 0.93 1.24 
MLR (with cross-terms) 11 0.93 1.12 0.89 1.11 
ANN 10.6 0.94 0.85 0.95 0.71 
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Figure 3.9. Experimental and predicted correlation distance d1 in PIL-solvent combinations according 
to the linear and non-linear models. A) MLR without cross-terms, B) MLR with cross-terms included, 
and C) ANN. Triangles and circles denote the training and test data sets, respectively. 
 
From Figure 3.9, although all three models demonstrated sufficiently good fits, the improvement in 
the model fit and hence the deviations between predicted and experimental values can be clearly 
seen as the models go from MLR with singular terms (Figure 3.9A) to MLR with cross-terms (Figure 
3.9B) and then to ANN (Figure 3.9C). We attribute this to the non-linearity in the behavior of the 
liquid nanostructure correlation distance. 
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Response-surface plots for liquid nanostructure                 
The 3D-response surface plots for liquid nanostructure were generated in a similar manner to that 
used in the surface tension section. The 3D plots of liquid nanostructure values predicted for PeAN 
derived solvent combinations are provided in Figure 3.10 using MLR, MLR with cross-terms and ANN 
algorithms. Response-surface plots of the solvent systems derived from the other PILs are provided 
in Figure S10 – S13 in the ESI.  
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10. Response-surface plot of correlation distance d1 (Å) values with respect to acid to base 
ratio and water ratio predicted for PeAN derived solvent combinations using A) MLR, B) MLR with 
cross-terms and C) ANN. Black dots are experimental values. 
A B 
C 
A-left side view B-left side view C-left side view 
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The left side views of each model are also given in Figure 3.10 and provide a clearer view of how well 
the interpolated liquid nanostructure data corresponds to the experimental data. It is visually evident 
that the ANN demonstrated significantly better agreement between experimental and predicted 
liquid nanostructure data (Figure 3.10C), than the linear ones. The inclusion of cross terms in the 
MLR model (Figure 3.10B) enabled curvature. It was also noted that the coefficients of cross-terms 
present in the model equation (provided in Equation S4 in the ESI) were far greater than those of 
singular terms (Equation S2), leading to the model equation being more quadratic-like than linear. 
This is consistent with the curvature shown in Figure 3.10B. Similar trends were obtained for the PIL-
solvents derived with longer alkyl chain cations which contained liquid nanostructure, and the 
resulting response-surface plots have been provided in Figure S10-S13 in the ESI. The response-
surface plots of each model appear to provide a good measure for the predicted liquid nanostructure 
values within the entire compositional space.  
 
3.5 Discussion 
The advent of machine learning algorithms to optimize and improve predictions of properties is 
receiving remarkable attention in chemistry related fields38. Non-linear artificial neural network 
(ANN) models are superior to conventional regression techniques due to the fact that they do not 
require any preliminary subjective decisions about the structure-property relationships to be made35, 
39-40. However, although linear models such as MLR have some ambiguity and instability problems, 
they are widely applicable, particularly due to their simplicity, ease of visualization, and they allow 
the multiple structure-property relationships to be developed41-42. One effective way of minimizing or 
overcoming the problems in linear regression models is to make them more complex through 
including cross and quadratic terms in the model equation41, 43.   
 
The implementation of the linear models is easier than that of neural networks, and our results 
indicate that MLR analysis enables a good measure for identification of significant parameters and 
hence, a reasonable experimental design criteria. We anticipate this will be similar for other IL 
structure-property relationships. A key benefit of using MLR machine learning approaches is that 
multiple structure-property relationships can be identified simultaneously, and the smaller effects 
and individual and/or mutual contributions of parameters can be quantified. 
  
The selection of the descriptors used to quantify the solvent properties is very important. Descriptors 
need to capture the differences for different entries. Usually for large data sets with diverse chemical 
structures, a large pool of descriptors is determined, or calculated, and then property selection 
techniques are used to remove irrelevant descriptors. In the literature, classical descriptor selection 
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is still the widely used method where the output properties of the studied systems are generally 
molecular structure and composition related properties such as melting point, density, viscosity, 
thermal conductivity and surface tension41, 43. Katritzky et al. have attempted to correlate the melting 
point of a total of 149 substituted imidazolium bromides and benzimidazolium bromides ILs using 
molecular descriptors44. Tariq et al. have extracted a total of 4934 surface tension data of ionic liquid 
containing mixtures for which the descriptors have been determined as type of cations, anions, 
branching of the alkyl chains as well as the concentrations45. Atashrouz et al. have employed various 
machine learning algorithms to predict the density, heat capacity, thermal conductivity and surface 
tension of IL containing mixtures43. Since the main objective of their work was to utilize ILs as binary 
mixtures with either water or various common organic solvents for industrial applications, the 
descriptors were selected based on the type of the molecular solvent used in preparation of IL 
mixtures, as well as the type of cations and anions with changing alkyl chain lengths43. 
 
The size of the data has a large impact on the prediction ability of both linear and non-linear models, 
and the amount of data required depends on the ultimate goal of the model, and composition range 
being explored. With the low standard error of predictions, our study clearly shows that the sizes of 
both surface tension and liquid nanostructure data were sufficient to reveal the applicability of the 
models for these PIL containing multi-component solvent systems.  
 
In general, the prediction performance of the models is visually represented by the plots of predicted 
values versus experimental values. However, we have additionally demonstrated that 3D response-
surface plots are beneficial to visualize trends over a larger compositional space. Also, the response-
surface plots allow visualization of how the output properties can be correlated with two different 
continuous variables simultaneously. The reliability of prediction over a larger interpolated 
compositional space based on these 3D surface plots certainly requires internal or external data 
validation. The surface tension data has been internally validated here through additional 
experimental measurements. However, it must be noted that a model validated internally or 
externally does not mean the predictions are always entirely reliable, they highly depend on the 
descriptors and the data used in the training sets, and the quality of the data used to develop the 
models.  
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3.6 Conclusion 
In this study, the experimentally measured surface tension and liquid nanostructure data of non-
stoichiometric and aqueous ternary PIL-solvent mixtures were used to develop structure-property 
relationship models by means of linear and non-linear machine learning algorithms. Based on the 
linear models employed in two different ways, with and without cross-terms, the strength of the 
input parameters has been quantified and it shows how significantly the input variables affect the 
given solvent properties.  
 
In terms of model performance and robustness, MLR with cross-terms were found to perform slightly 
better than without cross-terms. Validation for linear models have been performed by comparison to 
non-linear ANN models. The ANN models were statistically better than either MLR model, but both 
linear models were found to be statistically successful and accurate with high correlation coefficients 
and low standard errors. Therefore, either MLR model could be used to predict the given PIL-solvent 
properties within this composition range, which is critically important in designing new task-specific 
PIL-solvent combinations. The 3D response-surface plots for predictions showed good agreement 
with the randomly selected experimental data.  
 
To the best of our knowledge, this is the first-time machine learning models have been utilized for 
developing models enabling optimization of the desired properties for the multicomponent solvent 
systems including alkylammonium PILs. We believe that this strategy will shed a broader light on 
future attempts in identification and optimization of the types and features of this and other classes 
of ionic liquids.   
 
Supporting Information 
The principles of machine learning algorithms and the response-surface plots for the remaining 
solvent systems with linear model equations are provided in the Supporting Information.  
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CHAPTER 4. Lyotropic liquid crystal phase (LLCP) behavior of a cationic 
amphiphile in aqueous and non-stoichiometric protic ionic liquid mixtures 
 
4.1 Abstract 
Protic ionic liquids (PILs) are the largest and most tailorable known class of solvents which possess 
the ability to support amphiphile self-assembly. In this study, the lyotropic liquid crystal phase (LLCP) 
behavior of the cationic surfactant cetyltrimethylammonium bromide (CTAB) was investigated in 
ethylammonium nitrate (EAN) and ethanolammonium nitrate (EtAN) derived multi-component 
solvent systems to determine the deviations of phase formation and diversity with changing solvent 
composition. The solvent systems were composed of water, nitric acid and ethylamine (or 
ethanolamine), with 26 unique compositions for each neat PIL covering the pH and ionicity ranges of 
0-13.5 and 0-11 M, respectively. The LLCPs were studied using cross polarized optical microscopy 
(CPOM) and small and wide-angle X-ray scattering (SAXS/WAXS). Phase diagrams were constructed 
for CTAB concentrations of 50 wt% and 70 wt% in the temperature range of 25 °C - 75 °C to 
characterise the effect of surfactant concentration and temperature on the LLCPs in each solvent 
environment. Micellar, hexagonal and cubic phases were identified at both surfactant 
concentrations, and from temperatures as low as 35 °C, with large variations dependent on the 
solvent composition. The thermal stability and diversity of phases were greater and broader in 
solvent compositions with excess precursor amines present compared to those in the neat PILs. In 
acid-rich solvent combinations, the same phase diversity was found, though with reduced onset 
temperatures of phase formation; however, some structural changes were observed which were 
attributed to oxidation/decomposition of CTAB in a nitric acid environment. This study showed that 
the ability of PIL solutions to support amphiphile self-assembly can readily be tuned, and we 
anticipate that this knowledge could be applicable to other IL-amphiphile systems. It also shows the 
robustness of the ability of PILs to promote amphiphile self-assembly, even with other species 
present. 
 
4.2 Introduction 
The use of ionic liquids (ILs) as solvents and solvent additives has been increasing in a broad range of 
applications, including organic and inorganic reactions1-3, catalysis1, 3-5, analytical systems6-7, 
separation processes3-5, and biological systems5, 7-11 due to their desirable and tunable properties. 
Among many, one recognised property of a number of protic ILs, and some aprotic ILs, is their ability 
to act as a good self-assembly promoting medium for amphiphiles, such as surfactants, lipids and 
block copolymers7, 12-15. 
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The self-assembly of amphiphiles is strongly dependent on the solvent-solute interactions. Typically, 
phase formation and diversity are controlled by varying the chemical structure of amphiphile. 
However, the phase formation can also be altered by modifying the solvent medium, such as through 
co-solvent addition, or non-aqueous solvents such as ILs16. A molten salt pyridinium chloride was first 
reported in the late 1960’s with self-assembly supporting ability17. In the late 1970’s, ethylene glycol 
was one of the first reported non-aqueous self-assembly promoting liquids18. Since then, numerous 
molecular solvents have been reported as amphiphile self-assembly media, including small glycol 
solvents of glycerol, alkanediols, small amides consisting of alkylformamides, and some other 
solvents such as hydrazine, dimethyl sulfoxide, formic acid, 2-aminoethanol, ethylene diamine and 
acetonitrile17, 19. ILs are the largest non-aqueous solvent class known which possesses a self-assembly 
promoting ability17. Based on this capability they are being investigated for use in a broader range of 
applications including sol-gel processes16, 20, biocatalysis16, 21-22, microencapsulation23, nano-material 
synthesis16, 20, 24 and drug delivery16, 21. 
 
To date, a number of protic ILs, and to a lesser extent aprotic ILs, have been reported as amphiphile 
self-assembly media13-15, 17, 19, 25. These include ILs with primary, secondary and tertiary 
alkylammonium and 1-alkyl-3-methylimidazolium cations combined with various anions such as 
nitrate, formate, acetate, bis(trifluoromethanesulfonyl)imide, hexafluorophosphate  and 
tetrafluoroborate anions17. A broad range of amphiphiles have self-assembled in these ILs, including 
ionic and non-ionic surfactants such as cetyltrimetylammonium bromide (CTAB)7, 12, 26-28, sodium 
dodecylsulfate (SDS)29, polyoxyethylene alkyl ethers (CnEm, where n=12,14,16,18 and m=2,4,6,8)14, 22, 
30, diblock/triblock copolymers20, 31-33, Gemini34, Triton X-10035, lipidic surfactant Myverol36-37 and 
Phytantriol36. The most common lyotropic liquid crystal phases of these amphiphiles identified in 
these ILs includes normal and inverse phases of micellar, discrete cubic, hexagonal, bicontinuous 
cubic, and lamellar phases25. The phase formation and the sequence of phase transitions depends on 
the amphiphile, its concentration, and external environmental conditions such as temperature and 
pH16, 21. While numerous amphiphile/IL/co-solvents have been investigated, the vast majority are 
microemulsions where the IL is either the amphiphile, a polar phase or a nonpolar phase38-41. 
 
Based on a high-throughput approach, we previously characterized a broad range of non-
stoichiometric and aqueous PIL containing solvents in terms of surface tension, apparent pH and 
liquid nanostructure, which are the properties strongly affecting the ability of a solvent to promote 
self-assembly42. Our findings showed that the selected solvent properties can be tailored through 
varying the water content as well as the non-stoichiometry, and general trends for each solvent 
property were obtained42. Surface tension of these solvents exhibited a strong dependence on the 
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acid-base ratio for the samples with excess precursor amines present, whereas when excess 
precursor acids were present in the medium the surface tension varied more strongly with the water 
content. Moreover, the presence of excess acid had little effect on the intermediate range length 
scale of the liquid nanostructure, while significant increases in correlation length were observed with 
either increasing water content or excess precursor amine42. However, it is yet to be determined 
which IL species interact with the amphiphiles, and the role of these species at different IL-water 
concentrations. For example, will the role of the species change with dilution such as ILs acting as 
salts in water or as water in ILs? Similarly, what role will different proportions of excess acid and base 
play? 
 
Here we have investigated the lyotropic liquid crystal phase (LLCP) behaviour of a cationic surfactant, 
CTAB, in multicomponent solvent systems of non-stoichiometric and aqueous PILs, which were 
composed of water + ethylamine + nitric acid and water + ethanolamine + nitric acid, with varying 
mole fractions of each component. These solvents were prepared by mixing neat PILs, 
ethylammonium nitrate (EAN) and ethanolammonium nitrate (EtAN), with water and precursor acid 
(or base). These PILs were selected as they have previously been reported as good self-assembly 
support media for CTAB26. Their aqueous and non-stoichiometric combinations have the desired 
properties of self-assembly promoting solvents of high surface tension and negligible or no liquid 
nanostructure42. In a previous study, both neat PILs as well as water exhibited the ability to support 
normal hexagonal, (H1) normal cubic (V1) and lamellar (Lα) LLCPs as the CTAB concentration and 
temperature increased. The thermal stability ranges were the broadest in water followed by EAN and 
then EtAN26. The main focus of this work was to explore the effect of non-stoichiometry and water 
content as well as the amphiphile concentration and temperature on the phase behavior of CTAB, 
and to identify the LLCPs. This was done to provide insight into how the self-assembly of CTAB was 
affected by varying the solvent composition. 
 
4.3 Experimental Method 
Materials. All reagents were used as received. The amines and acid used were ethylamine (70%, 
Sigma-Aldrich), ethanolamine (99.5%, Sigma-Aldrich) and nitric acid (70%, Ajax FineChem), 
respectively. The amphiphile used was cetyltrimethylammonium bromide (CTAB, Sigma-Aldrich). 
 
Sample Preparation. The neat PILs were prepared and dried according to previously reported 
methods.43 The water contents of the neat PILs were determined using a Mettler Toledo C20 Karl-
Fischer titrator, and were 0.6 mol% and 2.4 mol% for EAN and EtAN, respectively. Typically, 0.1 mL of 
50 w/w % solution of the ionic liquid in diluted anhydrous methanol was injected for analysis. Proton 
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nuclear magnetic resonance (1H NMR) were taken of neat PILs dissolved in deuterated dimethyl 
sulfoxide (DMSO-d6) on a Bruker 300MHz instrument, with each measurement involving 32 scans, 
with a relaxation time of 1 second.  
 
An experimental design approach called Latin Hypercube Sampling (LHS) was used to select 26 PIL-
water-acid (or base) combinations for EAN and EtAN separately, with the details previously 
reported42. All PIL-water-acid (or base) solutions were prepared gravimetrically using Milli-Q water 
and precursor acids (or bases) added to the neat PIL. 
 
Samples containing 50 wt% and 70 wt% of CTAB were prepared in all PIL-water-acid (or base) 
solutions of EAN and EtAN, as well as in pure water for comparison. Sonication and vortexing was 
used for homogenization. These were left to equilibrate at ambient temperature for at least two 
weeks prior to characterization. This selection of solvents, each with two CTAB concentrations, led to 
coverage of a large compositional space with only 106 samples.  
 
Concentration gradients of CTAB in all 53 PIL solvent systems was achieved through compressing 
CTAB powder between a microscope slide and coverslip, prior to the addition of the PIL-solvent on 
the edge of the coverslip, as previously reported36. The solvent was drawn between the two glass 
surfaces by capillary action, establishing a concentration gradient with neat PIL-solvent and neat 
CTAB as the two extremes and liquid crystals, if any, between these. 
 
Characterization  
Cross polarized optical microscopy (CPOM).  
The LLCPs of CTAB in the solvents were identified based on their texture, using cross polarized optical 
microscopy (CPOM) on an Olympus IMT-2 microscope. The concentration gradient samples were 
heated from room temperature to 100 °C at a heating rate of 3 °C/min in a Mettler FP82HT hot stage 
controlled by a FP90 central processor.   
 
SAXS/WAXS.  
Small and wide-angle X-ray scattering (SAXS/WAXS) experiments were performed on the SAXS/WAXS 
beamline at the Australian Synchrotron. The sample holder consisted of a custom-made stainless-
steel plate which had 11 columns and 12 rows of 2 mm diameter round holes, with a 20 mm spacing 
between adjacent holes. The 50 wt% and 70 wt% CTAB in PIL-solvent samples were loaded into the 
holes, and kapton tape was used to seal the samples in these holes. Scattering patterns for 70 wt% 
CTAB containing samples were acquired at temperatures from 25 °C to 75 °C in 10 °C increments, 
 87 
 
whereas those with 50 wt% CTAB were acquired at 25 °C, 32 °C, 37 °C, 48 °C, 58 °C and 70 °C, with 
the temperature controlled using a Huber recirculating water bath. The SAXS and WAXS q ranges 
were 0.01 to 0.80 Å-1 and 0.75 to 2.85 Å-1, respectively. The contribution from an empty hole covered 
with kapton tape was subtracted from the scattering profiles.  
 
The determination and identification of the LLCPs formed was done based on the characteristic 
diffraction peaks in the SAXS region using “AXcess” software, which is described by Seddon et al.44. 
The relative peak positions for a hexagonal phase (H1) with p6m symmetry are 1: √3 ∶ √4 ∶ √7, for 
cubic phases (V1) with Im3m symmetry √2 ∶ √4 ∶ √6 ∶ √8 ∶ √10 , with Pn3m symmetry √2 ∶ √3 ∶
√4 ∶ √6 ∶ √8 ∶ √9 , with Ia3d symmetry  √6 ∶ √8 ∶ √14 ∶ √16 ∶ √18, and for a lamellar phase (Lα) 
are 1 : 2 : 3 : 4.45 The lattice d-spacings of the phases have been obtained from the AXcess program 
calculated based on Bragg’s law, d ≈ 2π/qSAXS46.   
 
4.4 Results and Discussion 
The lyotropic liquid crystal phase behavior of CTAB in a total of 53 different EAN and EtAN derived 
solvent combinations, including neat PILs and neat water, were initially identified through 
penetration scans using cross-polarised optical microscopy (CPOM) from 25 °C to 100 °C. This 
enabled the full concentration gradient from neat solvent to neat CTAB to be observed with 
increasing temperature, with the limitation that the specific CTAB concentrations were not known at 
each phase boundary. At room temperature, CTAB was mostly in a crystalline form (Lc) in each CTAB-
solvent system, including water. Upon contact with solvents and heating, it was observed that there 
was a general phase progression from hexagonal (H1), to isotropic (cubic, V1) and to lesser extent, 
lamellar (Lα). In Figure 4.1, representative CPOM images are provided for CTAB in neat water, neat 
EAN and neat EtAN along with acid-rich and base rich compositions of EAN and EtAN derived 
samples. A summary of the LLCPs of CTAB in EAN and EtAN derived solvents, along with the sample 
compositions, are given in Table 4.1 and Table 4.2, respectively. These compositions are ordered by 
increasing water content down the Table, and it should be noted that the acid to base ratio varies 
substantially in each table. To explore the effect of the precursor amines and acid on phase 
formation and diversity, all results were discussed in terms of excess precursors and the samples are 
defined as base-rich and acid-rich samples.  
 
The observed phases in CTAB-water, CTAB-neat EAN and CTAB-neat EtAN were consistent with our 
previous findings26. From Table 4.1 and Table 4.2, it is evident that the phase formation onset 
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temperature in neat EAN and EtAN, shifted to a higher temperature, by about 25 °C, for each of the 
three phases (hexagonal, cubic and lamellar) compared to those in water. 
 
For both EAN and EtAN derived samples in the presence of excess amine (base-rich compositions), it 
was observed that the phase formation was dominantly affected by the amount of water present. 
With increasing water content, the onset temperature of phase formation decreased and 
approached the values for where water was the only solvent. The phase diversity and stability were 
maintained in most of the base-rich compositions of EAN and EtAN derived samples. This was 
observed to a greater extent in EtAN derived samples, which was attributed as predominantly due to 
the ethanolamine precursor also having a self-assembly promoting ability19.  
 
In contrast, the phase formation and thermal stability were dramatically affected by the presence of 
excess acid (acid-rich compositions), with the water content also still affecting the self-assembly. The 
onset temperatures of the phases again shifted to lower temperatures than that of neat EAN and 
EtAN with increasing water content; however, less acid-rich solvents supported hexagonal and cubic 
phase formation compared to the base-rich compositions. The phases formed were mostly thermally 
stable up to 60 °C and 70 °C in EAN and EtAN derived compositions, respectively (Table 4.1 and Table 
4.2). However, partial decomposition/oxidation of CTAB occurred in the majority of acid-rich 
compositions on contact with the solvent, which was evident by the color change from white to 
yellow and orange, even to red depending on the excess acid concentration.  
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Figure 4.1. Representative CPOM images of selected CTAB-solvent combinations. a. CTAB-water at 59 
°C b. CTAB-EAN neat at 87 °C c. CTAB-EtAN neat at 78 °C  d. CTAB-EAN_11a at 61 °C e. CTAB-EAN_6a 
at 58 °C f. CTAB-EAN_2b at 70 °C  g. CTAB-EAN_4b at 66 °C h. CTAB-EtAN_11a at 75 °C i. CTAB-
EtAN_6a at 56 °C j. CTAB-EtAN_2b at 80 °C and k. CTAB-EtAN_4b at 70 °C. The symbols H, V and Lα 
denote hexagonal, isotropic cubic and lamellar phases, respectively. 
 
 
 
 
V H 
H 
V 
H H 
H 
V 
V 
V 
a b c 
d e f 
g 
H 
V 
V 
H 
h i 
V 
H 
H 
V 
V 
V 
H 
H 
k j 
Lα 
Lα 
Lα 
Lα 
Lα 
Lα 
 90 
 
Table 4.1. Thermal stability ranges for LLCPs of CTAB in EAN derived solvent systems 
 
Solvent ID 
molar ratio of 
water (mol of 
water/total mol) 
(±0.01) 
acid-to-base molar 
ratio (mol of NO3-
/mol of EA+) 
(±0.01) 
Thermal stability regions for LLCPs (°C) 
Hexagonal 
(H1) 
Cubic (V1) 
Lamellar 
(Lα) 
CTAB-water 1 0.0 31->100 48->100 53->100 
CTAB-EAN neat 0.006 1.0 58->100 73->100 80->100 
Base-rich compositions 
CTAB-EAN_1b 0.190 0.916 55->100 - - 
CTAB-EAN_2b 0.223 0.654 50->100 70->100 - 
CTAB-EAN_3b 0.429 0.754 47->100 68->100 97->100 
CTAB-EAN_4b 0.513 0.012 49-68 52-68 - 
CTAB-EAN_5b 0.544 0.303 37->100 60->100 - 
CTAB-EAN_6b 0.661 0.329 35->100 54->100 89->100 
CTAB-EAN_7b 0.765 0.816 32->100 55->100 63-80 
CTAB-EAN_8b 0.769 0.537 33->100 52->100 63-76 
CTAB-EAN_9b 0.823 0.165 30-80 48-80 - 
CTAB-EAN_10b 0.902 0.102 30->100 48->100 54-89 
CTAB-EAN_11b 0.906 0.408 30->100 48-91 57-71 
CTAB-EAN_12b 0.911 0.988 30->100 49-80 - 
CTAB-EAN_13b 0.986 0.610 30->100 50-88 56-63 
Acid-rich compositions 
CTAB-EAN_1a 0.338 1.067 40-85 59-85 70-85 
CTAB-EAN_2a 0.498 1.290 30-49 - - 
CTAB-EAN_3a 0.529 1.868 - - - 
CTAB-EAN_4a 0.589 1.594 30-47 42-47 - 
CTAB-EAN_5a 0.630 1.712 30-45 42-45 - 
CTAB-EAN_6a 0.686 1.158 30-62 51-62 - 
CTAB-EAN_7a 0.711 1.605 30-51 42-51 - 
CTAB-EAN_8a 0.809 1.484 30-60 46-60 - 
CTAB-EAN_9a 0.829 1.810 30-52 45-52 - 
CTAB-EAN_10a 0.862 1.233 30-70 48-70 59-70 
CTAB-EAN_11a 0.874 1.438 30-62 48-62 - 
CTAB-EAN_12a 0.951 1.925 30-75 48-75 57-73 
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Table 4.2. Thermal stability ranges for LLCPs of CTAB in EtAN derived solvent systems 
 
Solvent ID 
molar ratio of 
water (mol of 
water/total mol) 
(±0.01)                 
acid-to-base molar 
ratio (mol of NO3-
/mol of EtA+) 
(±0.01)                 
Thermal stability regions for LLCPs (°C) 
Hexagonal 
(H1) 
Cubic (V1) 
Lamellar 
(Lα) 
CTAB-water 1 0.0 31->100 48->100 53->100 
CTAB-EtAN neat 0.024 1.0 62->100 73->100 76-98 
Base-rich compositions 
CTAB_EtAN_1b 0.024 0.012 85->100 85->100 88->100 
CTAB_EtAN_2b 0.070 0.654 66->100 76->100 85->100 
CTAB_EtAN_3b 0.177 0.916 62->100 68->100 74->100 
CTAB_EtAN_4b 0.409 0.754 55->100 63->100 67->100 
CTAB_EtAN_5b 0.419 0.303 64->100 70->100 74->100 
CTAB_EtAN_6b 0.619 0.329 50->100 64->100 67-96 
CTAB_EtAN_7b 0.775 0.537 37->100 52->100 61-88 
CTAB_EtAN_8b 0.783 0.816 37->100 49->100 55-90 
CTAB_EtAN_9b 0.818 0.165 43->100 48->100 - 
CTAB_EtAN_10b 0.905 0.102 35->100 52-90  - 
CTAB_EtAN_11b 0.913 0.408 30->100 48->100 57-83 
CTAB_EtAN_12b 0.921 0.988 30-95 50-75 - 
CTAB_EtAN_13b 0.988 0.610 30->100 48->100 55-68 
Acid-rich compositions 
CTAB_EtAN_1a 0.367 1.067 39-80 44-80 55-80 
CTAB_EtAN_2a 0.527 1.290 30-57  35-57 46-57 
CTAB_EtAN_3a 0.550 1.868 30-46 30-46 32-46 
CTAB_EtAN_4a 0.615 1.594 30-54 35-54 38-54 
CTAB_EtAN_5a 0.654 1.712 31-50 40-50  - 
CTAB_EtAN_6a 0.714 1.158 41-72 53-72  - 
CTAB_EtAN_7a 0.735 1.605 36-63 55-63  - 
CTAB_EtAN_8a 0.828 1.484 30-66 48-66  - 
CTAB_EtAN_9a 0.846 1.810 30-65 47-65  60-65 
CTAB_EtAN_10a 0.877 1.233 31-87 37-87  - 
CTAB_EtAN_11a 0.888 1.438 30-75 48-75  - 
CTAB_EtAN_12a 0.957 1.925 30-77 48-77  - 
 
A more detailed phase identification and characterization study was performed on samples 
containing fixed concentrations of CTAB, using small and wide-angle X-ray scattering (SAXS/WAXS). 
SAXS and WAXS patterns were acquired at temperatures between 25 °C and 75 °C for 50 wt% and 70 
wt% CTAB containing samples in each of the 53 solvent conditions, including neat water and neat 
PILs. Higher temperatures could not be obtained due to the temperature limitations of the 
instrumentation used. The absence of sharp peaks in the WAXS region from 0.75 to 2.85 Å-1 was used 
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as a criterion for phases being LLCP rather than just crystalline CTAB. The LLCPs were then 
characterized from their SAXS patterns, with the peaks matched with the defined phases in the 
AXcess program. Figures 4.2 – 4.4 show the SAXS patterns acquired at different temperatures for 70 
wt% CTAB in neat EAN, neat EtAN and water, respectively, along with the phases identified. Similarly, 
those for 50 wt% CTAB are provided in Figures S1 - S3 in the ESI, respectively. In addition, the SAXS 
patterns acquired for neat CTAB are given in Figure S4 in the ESI, showing the presence of lamellar 
surfactant crystals below 65 °C and the polymorphic phase transition along with the formation of 
thermotropic lamellar liquid phases as the temperature increased from 25 °C to 75 °C. 
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Figure 4.2. SAXS patterns of 70 wt% CTAB in neat EAN at various temperatures.                                                      
The symbols Lc-1 to Lc-3 denote the various forms of lamellar surfactant crystalline phases, L1 refers 
to micellar and H1 to normal hexagonal liquid crystal phases. 
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Upon heating, the phase transitions generally progressed from crystalline CTAB, to micellar, and then 
to hexagonal and cubic in the neat solvents, consistent with our CPOM results, and previous 
studies26. There were four crystalline lamellar forms observed in the SAXS patterns, and these have 
been labelled as Lc (1-3). The crystalline state was assigned due to the samples having sharp peaks in 
the WAXS region, while the peaks in the SAXS region corresponded to a lamellar phase. The 
dominant crystalline phase observed for CTAB in the neat solvents was assigned as Lc-1, a minor 
crystalline phase was assigned as Lc-2, which was only present in a few samples and mostly at low 
temperatures, Lc-3 was only present in the more extreme acidic or basic environments. 
 
0.0 0.2 0.4 0.6 0.8
Lc-1
Å 
75 
o
C 
In
te
n
s
it
y
 (
a
.u
.)
q (   
-1
)
Lc-1
Lc-1
Lc-1
Lc-1
65 
o
C 
55 
o
C 
Lc-1
Lc-1
25 
o
C 
H1(100)
Lc-1
45 
o
C 
35 
o
C 
U
Lc-1
L1
H1(100)
Lc-1
 
Figure 4.3. SAXS patterns of 70 wt% CTAB in neat EtAN at various temperatures.                                                      
The symbol Lc-1 denotes a lamellar surfactant crystalline phase, and the liquid crystal phases are 
denoted as micellar (L1), normal hexagonal (H1), and unassigned transient (U) liquid crystal phases.  
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The liquid crystal phase behavior obtained for 70 wt% CTAB in neat EAN and EtAN was similar, as 
shown in Figure 4.2 and Figure 4.3, respectively. The micellization (L1) started at lower temperatures 
in neat EAN compared to that in neat EtAN, but higher than that observed in neat water. The 
hexagonal phase formation of 70 wt% CTAB in neat EAN partially started at or above 45 °C and fully 
formed at 65 °C, which was evident from the lack of sharp WAXS peaks at or above 65 °C, whereas it 
occurred at a slightly higher temperature in neat EtAN of only above 65 °C. Moreover, similar phase 
diversity and behaviour was observed for 50 wt% of CTAB from the SAXS patterns, as given in Figure 
S1 and Figure S2, respectively.  
 
Although, the onset of cubic phase formation was observed at 73 °C in both PILs through CPOM 
analysis, the cubic phase formation was not observed in the SAXS patterns of 70 wt% CTAB in neat 
EAN. As the surfactant concentrations were not fixed for each sample during microscopic penetration 
scans, this suggests that the cubic phase is not present at either 50 wt% or 70 wt% of CTAB 
concentrations in neat EAN. However, in neat EtAN a transient phase formation, denoted as U, can 
be seen from the SAXS pattern at 75 °C in Figure 4.3. This transient phase is thought likely to develop 
into a cubic phase at higher temperatures.  
 
Regarding the phases identified in water, the partial hexagonal phase formation started even at 25 °C 
but the sharp peaks in the WAXS region for samples containing 70 wt% and 50 wt% CTAB in water 
disappeared at 35 °C, indicating a transition from crystalline to a liquid crystalline phase. The phase 
was identified as hexagonal and can be seen from the SAXS patterns in Figure 4.4 and Figure S3, 
respectively for the 70 wt% and 50 wt% CTAB. At 55 °C, a bicontinous cubic phase started to form 
and was identified as a primitive nanostructure with Im3m symmetry. Up to 75 °C, cubic and 
hexagonal phases co-existed, which was in good accordance with the CPOM observations. The 
lamellar liquid crystal phase (Lα) was only observed at 75 °C.   
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Figure 4.4. SAXS patterns of 70 wt% CTAB in water at various temperatures.                                                      
The symbol Lc-1 denotes a lamellar surfactant crystalline phase, and the liquid crystal phases are 
denoted as normal hexagonal (H1), normal primitive cubic (V1 (Im3m)), lamellar (Lα), and unassigned 
transient (U) liquid crystal phases.  
 
In addition to the neat solvents, SAXS and WAXS patterns were obtained for 50 wt% and 70 wt% 
CTAB in all EAN and EtAN derived solvent compositions, which led to a total of 53 different solvent 
compositions for each CTAB concentration. The exact solvent compositions are given in Table 4.1 and 
Table 4.2 for the EAN and EtAN derived solvents, respectively. In addition to the phases observed in 
the neat solvents, the highly basic or highly acidic solvent compositions led to the formation of 
normal hexagonal (H1) and cubic (V1) phases which also had sharp peaks present in the WAXS 
regions. This suggests a partial phase formation takes place, possibly governed by the presence of 
water, and is discussed in more detail in later sections.  
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4.4.1 Phase Identification (Base-rich solvent compositions) 
The SAXS patterns of 70 wt% CTAB in 4 representative base-rich EAN compositions, along with that of 
neat EAN, are given in Figure 4.5. The water content of samples increases from bottom to top, with 
various acid-to-base (A/B) ratios. The 65 °C temperature was selected for comparison due to the neat 
EAN system having no sharp WAXS peaks at this temperature.  
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Figure 4.5. SAXS patterns of 70 wt% CTAB in base-rich EAN compositions at 65 °C.                                             
The symbol Lc-1 denotes a lamellar surfactant crystalline phase, and the liquid crystal phases are 
denoted as normal hexagonal (H1), normal primitive cubic (V1 (Im3m)), lamellar (Lα), and unassigned 
transient (U) liquid crystal phases. 
 
From Figure 4.5, it is clear that the water content, as well as the basicity, exhibited a significant effect 
on phase formation and diversity. The more water rich samples had a greater range of LLCP present, 
such as for EAN_10b and EAN_8b.  
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Most of the base-rich samples had the ability to support hexagonal, cubic and lamellar phases 
according to the CPOM and SAXS/WAXS analysis. However, for the two solvent compositions with 
the highest basicities EAN_4b and EAN_10b, characteristic lamellar crystalline peaks (Lc-1) in the 
SAXS region as well as sharp WAXS peaks were observed at 65 °C and 75 °C. There was a 
corresponding shift in the q positions of the hexagonal peaks for these samples suggesting a 
reduction in lattice spacing. The phases were identified through using the SAXS/WAXS patterns from 
both the 50 wt% (Figure S5 in the ESI) and the 70 wt% (Figure 4.5), with both sets of data having 
similar patterns.  
 
The equivalent solvent compositions were also selected for the representative EtAN derived base-
rich samples to enable a direct comparison with their EAN derived counterparts. Figure 4.6 shows the 
SAXS patterns of 70 wt% CTAB in 4 different EtAN derived compositions along with the neat EtAN. It 
must be noted that the hexagonal phase formation in neat EtAN occurred only above 65 °C, and 
hence is not evident in Figure 4.6. Similar to the findings obtained in EAN derived solvents, it is clear 
that increasing either the basicity or water content had a reducing effect on the onset temperatures 
of phase formations. Contrary to the EAN precursor of ethylamine, ethanolamine has self-assembly 
supporting ability for CTAB, which is evident from the SAXS results of the two highest basicity 
samples, EtAN_1b and EtAN_10b (Figure 4.6). This is consistent with previous literature which 
reported that di- and triethanolamine promote self-assembly of CTAB into hexagonal and lamellar 
phases19. At the lower CTAB concentration (50 wt%), many of the base-rich EtAN derived solvents 
were found to support hexagonal phase formation, as shown in Figure S6 in the ESI for 
representative examples.  
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Figure 4.6. SAXS patterns of 70 wt% CTAB in base-rich EtAN compositions at 65 °C.                                                
The symbol Lc-1 denotes a lamellar surfactant crystalline phase, and the liquid crystal phases are 
denoted as normal hexagonal (H1), normal primitive cubic (V1 (Im3m)), lamellar (Lα), and unassigned 
transient (U) liquid crystal phases. 
 
4.4.2 Phase Identification (Acid-rich solvent compositions) 
All the acid-rich compositions were also investigated between 25 °C and 75 °C. The SAXS patterns of 
70 wt% CTAB in 5 acid-rich solvent combinations of EAN and EtAN were selected as representative 
examples, and are shown in Figures 4.7 and 4.8, respectively. The corresponding SAXS patterns of 50 
wt% CTAB are provided in Figures S7 and S8 in the ESI. In Figures 4.7 and 4.8, SAXS patterns from b to 
f were given in decreasing order of water content and acidity, while SAXS patterns labelled as ‘a’ 
have a solvent composition with a high A/B ratio, and a moderate water content.   
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Figure 4.7. SAXS patterns of 70 wt% CTAB in acid-rich EAN compositions at 65 °C.                                                 
The symbol Lc-3 denotes a lamellar surfactant crystalline phase, and the liquid crystal phases are 
denoted as normal hexagonal (H1), normal primitive cubic (V1 (Im3m)), and unassigned transient (U) 
liquid crystal phases.  
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Figure 4.8. SAXS patterns of 70 wt% CTAB in acid-rich EtAN compositions at 65 °C.                                               
The symbol Lc-1 denotes lamellar surfactant crystalline phase, and the liquid crystal phases are 
denoted as normal hexagonal (H1), normal primitive cubic (V1 (Im3m)), and unassigned transient (U) 
liquid crystal phases, respectively. 
 
As indicated in the selected SAXS patterns in Figures 4.7 and 4.8, the same LLCPs were identified in 
both acid-rich EAN and acid-rich EtAN derived solvent compositions. It must be noted that the lowest 
water contents were 0.338 mol and 0.367 mol in EAN and EtAN derived solvents (EAN_1a and 
EtAN_1a), respectively, as the acid precursor used in sample preparation was 70% by vol. aqueous 
nitric acid solution. In all acid-rich compositions, the water content seemed to have the greatest 
effect on both hexagonal and cubic phase formations, with highly reduced onset temperatures 
according to the SAXS/WAXS and CPOM analysis. In Figures 4.7 and 4.8, the SAXS patterns of samples 
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from f to be displayed a phase transition from hexagonal to cubic with increasing water content and 
acidity. However, from the SAXS patterns at the top (a), where solvents (EAN_3a and EtAN_3a) 
contain moderate amount of water but high acidity, there was coexisting liquid crystal and crystalline 
phases present, which was evident by the presence of both characteristic peaks of LLCPs and lamellar 
crystalline surfactant peaks.  
 
According to the CPOM examination, the LLCPs formed in many of the acid-rich compositions of both 
EAN and EtAN were thermally unstable above 65 °C, as shown in Tables 4.1 and 4.2 respectively, and 
for most of them a color change was also observed. Despite this, the presence of LLCPs in acid-rich 
samples were evident based on the SAXS/WAXS analysis within the temperature range of 25 °C to 75 
°C. This is thought to happen due to anion exchange between excess NO3- and Br- of CTAB, leading to 
the formation of amphiphilic cetyltrimethylammonium nitrate (CTAN), which may potentially exhibit 
a similar phase behaviour in acid-rich EAN and EtAN derived solvent combinations. This is speculative 
and would require further investigation to confirm. For simplicity in this study the LLCPs formed in 
acid-rich compositions were considered as those of CTAB. In general, it appeared that the phase 
formation in acid-rich samples highly depends on the amount of water present in the solvent 
medium whereas the phase stability is more dominantly affected by the change in acidity. 
 
4.4.3 Phase diagrams 
Phase diagrams were constructed from the LLCPs identified for both CTAB concentrations in all EAN 
and EtAN derived solvent compositions, at all temperatures. In constructing phase diagrams, we 
focused on all five LLCPs, micellar (L1), normal hexagonal (H1), normal primitive cubic (V1Im3m), 
unassigned transient (U) and lamellar (Lα) liquid crystal phases, where there were no sharp WAXS 
peaks present according to the scattering data. The solvents which seemed to support some LLCPs, 
but still had sharp WAXS peaks present, were excluded from the phase diagrams. The approximate 
phase diagrams for these systems were constructed at each temperature, and are given in Figures 
4.9 and 4.10, respectively. The corresponding phase diagrams for 50 wt% of CTAB in EAN and EtAN 
derived solvent compositions are provided in Figures S9 and S10 in the ESI, respectively.  
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Figure 4.9. Phase diagrams for 70 wt% CTAB in EAN derived solvent compositions.                                            
Above the red dashed line represents the acid-rich region whereas under the red dashed line refers 
to the base-rich region. 
 
From Figures 4.9 and 4.10 it is clear that the phase formation and transition from micellar to 
hexagonal and then to cubic and lamellar of 70 wt% CTAB in both EAN and EtAN derived solvents 
occurs initially in the solvent combinations where there is a high amount of water present. At 25 °C, 
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the micellar phase (L1) was evident in most of the base-rich and acid-rich compositions of EAN where 
the mol fraction of water was higher than 0.25, whereas L1 formation was observed at 35 °C and 45 
°C in the base-rich samples with water mol fraction less than 0.25 (Figure 4.9). On the other hand, 
micelles were only formed in acid-rich combinations of EtAN having water mol fractions higher than 
0.5. The micellization in base-rich EtAN combinations occurred between 45 °C and 65 °C, depending 
on the basicity of compositions (Figure 4.10).  
 
The formation of hexagonal (H1) and cubic (V1) phases started at 45 °C in water, and some of the 
acid-rich combinations of EAN having water mol fractions higher than 0.75. Only H1 was present for 
solvents with a water mol fraction below 0.5, H1 + V1 were present from water mol fractions of 0.5 to 
0.75, and H1 + V1 + Lα were observed in samples with water mol fractions higher than 0.75 (Figure 
4.9). A similar trend was also observed in EtAN derived combinations. Although the compositional 
range for phase transitions were similar to those observed in EAN derived solvents, more base-rich 
EtAN combinations promoted LLCP formation, including those having a water mol fraction of less 
than 0.5 (Figure 4.10). As mentioned previously, this is attributed to the self-assembly promoting 
ability of the precursor ethanolamine19. 
 
The phase diagrams constructed for 50 wt% CTAB in EAN and EtAN derived solvents are provided in 
Figures S9 and S10 in the ESI, respectively. From these, the phase transition from micellar (L1) to 
hexagonal (H1) and to an unassigned transient (U) phase was observed for most of the solvent 
combinations as temperature was increased from 25 °C to 70 °C. At 70 °C, almost all solvent 
compositions supported a hexagonal phase (H1) in both EAN and EtAN derived combinations. 
However, there was only one solvent composition (EAN_10b: water=0.902 mol and A/B=0.102) 
which supported cubic phase (V1) formation. In addition, in EAN based solvents having a water mol 
fraction higher than 0.5, an unassigned transient phase (U) along with H1 was observed. Regarding 
the formations of H1 and U phases, CTAB behaved in a similar way in EtAN derived solvents. Cubic 
phase formation was only observed in one of the acid-rich compositions (EtAN_11a: water=0.888 
mol and A/B=1.438), which was present even at 48 °C and stable up to 70 °C.  
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Figure 4.10. Phase diagrams for 70 wt% CTAB in EtAN derived solvent compositions.                                            
Above the red dashed line represents the acid-rich region whereas under the red dashed line refers 
to the base-rich region. 
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4.4.4 Lattice parameters of hexagonal (H1) and cubic (V1) phases  
The lattice parameters of the LLCPs provide an insight into the effects of changing structures, solvent 
conditions, amphiphile concentration and temperature. The lattice parameters of the hexagonal (H1) 
and cubic (V1) phases were calculated through the AXcess program, and the calculated lattice 
parameters of LLCPs for 50 wt% and 70 wt% of CTAB at 70 °C and 65 °C are summarized in Table 4.3.  
 
From Table 4.3, it is apparent that the lattice parameters were highly dependent on the surfactant 
concentration and solvent composition, with temperature having a lesser effect. The lattice 
parameter of the hexagonal phase of CTAB and to lesser extent those of cubic phases were the 
highest in neat EtAN, followed by neat EAN, and then water at either temperature. Although this may 
be caused by the size reducing effect of increased temperature since the H1 phase started to form in 
neat EAN and water at lower temperatures, it is known that EtAN has a relatively similar 
solvophobicity to that of water but a markedly increased solvophobicity compared to EAN. These 
findings were in good accordance with the previously reported values where a homologous 
surfactant CTAC was used instead of CTAB in neat EAN, neat EtAN and water45.  
 
For all cases, the lattice parameters of H1 phases were higher where the CTAB concentration was 50 
wt% compared to 70 wt%. This suggests that the swelling and solvophobic effects are more dominant 
at lower surfactant concentrations. The lattice parameter ranges of H1 phases in acid-rich and base-
rich EAN were similar, though the acid-rich compositions were slightly larger. Similar findings were 
observed for H1 phases of 50 wt% CTAB in EtAN derived solvents, however at 70 wt% of CTAB, the 
lattice parameter of H1 phase in base-rich EtAN were bigger than those formed in acid-rich EtAN 
compositions.  
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Table 4.3. Lattice parameters of hexagonal (H1) and cubic (V1(Im3m)) phases at 70 °C and 65 °C                       
for 50 wt% and 70 wt% CTAB concentrations, respectively. 
Solvent system 
CTAB concentration 
(wt %) 
Lattice parameter (in Å) 
H1 V1 (Im3m) 
Water  50 (70 °C) 40.6 (58 ºC) 67.2 
 70 (65 °C) 39.5 68.0 
Neat EAN 50 (70 °C) 41.8  - 
 70 (65 °C) 39.2  - 
Acid-rich EAN solvents 50 (70 °C) 40.2 – 44.5 - 
 70 (65 °C) 38.3 – 40.9 67.9 – 69.7 
Base-rich EAN solvents 50 (70 °C) 39.1 – 44.6 67.2 
 70 (65 °C) 37.9 – 39.7 66.2 – 67.8 
Neat EtAN  50 (70 °C) 46.5 - 
 70 (65 °C) 41.8 (75 ºC) - 
Acid-rich EtAN solvents 50 (70 °C) 43.2 – 50.3 72.2 
 70 (65 °C) 37.2 – 43.9 69.4 – 73.0 
Base-rich EtAN solvents 50 (70 °C) 42.1 – 49.4 - 
 70 (65 °C) 40.0 – 45.6 68.8 – 70.2 
 
Regarding cubic phase (V1) formation, the amphiphile concentration as well as the solvent 
composition exhibited a profound effect, as discussed previously and can be clearly seen from Table 
4.3. Of the neat solvents, the cubic phase (V1) was only present in water. However, varying the water 
fraction and non-stoichiometry enabled the PIL based solvents to support V1 formation at these two 
CTAB concentrations. The lattice parameters for the V1 phase was less affected by the increased 
amphiphile concentration than was observed for H1 phase. Similarly, the cubic structures formed 
were slightly bigger in EtAN derived solvents than those in EAN derived solvents or water.  
 
For better visualization of the resulting lattice parameters obtained for the LLCPs of CTAB in aqueous 
and non-stoichiometric solvent systems, the comparative plots for each phase were plotted as a 
function of temperature. This enabled the effect of solvent composition, temperature and also the 
amphiphile concentration on the phase formation as well as their unit size to be visually observed. 
Figures 4.11 and 4.12 show the lattice parameter values of the hexagonal phases (H1) of 70 wt% 
CTAB in EAN and EtAN derived solvents, respectively. It must be noted that the color scales on the 
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following figures were kept the same in each case for ease of comparison. The corresponding values 
of 50 wt% CTAB were also provided in Figures S11 and S12, respectively.  
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Figure 4.11. The change in lattice parameter values of the hexagonal phase (H1) of 70 wt% CTAB in 
EAN derived solvent compositions as a function of temperature. Solid data points represent the 
sample compositions when the phase formation is supported while blank data points only denote 
sample compositions with this phase not observed.    
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Figure 4.12. The change in lattice parameter values of the hexagonal phase (H1) of 70 wt% CTAB in 
EtAN derived solvent compositions as a function of temperature. Solid data points represent the 
sample compositions when the phase formation is supported while blank data points only denote 
sample compositions with this phase not observed.    
 
From Figures 4.11 and 4.12, it can be seen that with increasing temperature, the lattice parameter 
decreased, and the total number of solvent environments supporting hexagonal phase (H1) formation 
increased. As the temperature went from 25 °C to 75 °C, the unit cells reduced from about 45 Å to 37 
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Å for almost all solvent conditions. In EtAN derived solvents, the lattice parameters were slightly 
higher than the corresponding EAN derived solvents, and the same trends were observed. 
 
A similar comparative analysis was done for the cubic phase (V1) for 70 wt% CTAB concentration and 
the resulting lattice parameter values calculated in EAN and EtAN derived solvents are given in 
Figures 4.13 and 4.14, respectively. The corresponding plots of 50 wt% CTAB concentration are also 
provided in Figures S13 and S14 in the ESI, respectively. The temperature was only from 45 °C to 75 
°C in Figures 4.13 and 4.14, because cubic phase formation only started at 45 °C in either EAN or 
EtAN derived solvents. 
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Figure 4.13. The change in lattice parameter values of the cubic phase (V1) of 70 wt% CTAB in EAN 
derived solvent compositions as a function of temperature. Solid data points represent the sample 
compositions when the phase formation is supported while blank data points only denote sample 
compositions with this phase not observed.    
 
From Figure 4.13, it can be seen that the lattice parameters of cubic phases in EAN derived solvents 
ranged from 70.7 Å to 65.8 Å with a slight decrease in unit cell size with increasing temperature. It is 
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more obvious from these results that the cubic phase was only formed when the water mol fraction 
in the solvent environment was higher than 0.5 and retained regardless how acidic and basic the 
environment was. At 65 °C, a total of 15 different solvent compositions out of 27 promoted the cubic 
phase formation. Unsurprisingly, the unit cell sizes calculated in EtAN derived solvents were larger 
than those in EAN derived solvents and ranged from 76.0 Å to 67.7 Å, where the size reducing effect 
of increasing temperature was also observed (Figure 4.14). At 65 °C, a total of 13 different solvent 
compositions out of 27, most of which had a water mol fraction higher than 0.7, promoted the cubic 
phase formation. 
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Figure 4.14. The change in lattice parameter values of the cubic phase (V1) of 70 wt% CTAB in EtAN 
derived solvent compositions as a function of temperature. Solid data points represent the sample 
compositions when the phase formation is supported while blank data points only denote sample 
compositions with this phase not observed.    
 
4.4.5 Relation between Gordon parameters (G), Liquid Nanostructure and the formation of LLCPs  
In the literature, many ILs have been reported as nanostructured liquids, and this occurs from 
nanoscale segregation of polar and nonpolar moieties due to solvophobic, electrostatic and hydrogen 
45 °C 55 °C 
65 °C 75 °C 
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bonding interactions46-48. The liquid nanostructure of a broad range of alkylammonium class PILs 
including neat EAN and neat EtAN have been extensively characterized by Greaves et al. and it has 
been stated that PILs with short alkyl chain cations, as well as PILs containing either di- and trialkyl 
ammonium cation and/or hydroxyl groups, have low or negligible intermediate range order 
(correlation distance d1) corresponding to a less structured liquid5, 46. Moreover, less structured PILs 
were found to be better promoters of self-assembly and supported more diverse LLCPs46. From our 
previous results, the aqueous and non-stoichiometric combinations of EAN and EtAN were found to 
have no/negligible liquid nanostructure42. Our findings show good agreement with the previous 
finding as many compositions of EAN and EtAN were shown to have self-assembly promoting 
ability45. 
 
In addition, it is known that the Gordon parameter (G) can be used as a guide to the likelihood of a 
solvent being a good self-assembly media36. It is defined as G = γLV / Vm-1/3, where γLV is the surface 
tension and Vm is molar volume36. The higher G value of a solvent indicates a greater likelihood of a 
good self-assembly media with greater phase diversity and thermal stability. The G values of various 
classes of ILs, along with molecular solvents, have been previously compiled by Greaves et al17. Of 
many self-assembly promoting ILs, the highest reported G value for an IL is 1.448 J mol1/3/m3 for 
ethanolammonium formate and the lowest is 0.576 J mol1/3/m3 for ethylammonium butyrate17, 26, 36.  
 
Here, the G values of all 53 aqueous and non-stoichiometric EAN and EtAN derived solvents including 
neat PILs and water were calculated, and the numeric values are given in Tables S1 and S2, 
respectively. The findings are discussed below in terms of the relation between the solvent G value 
and LLCP formation. In calculation of G values, the previously reported experimental surface tension 
values of these solvents were used42. Since density values were unavailable, the molar volumes of 
these multicomponent mixtures were calculated based on the molar fractions of each component 
assuming ideal mixing took place. Using this method, the molar volume of neat EAN based on the 
molar fractions of each component (Xwater=0.006, XNO3=0.497 and XEA=0.497) resulted in a G value of 
1.264 J mol1/3/m3. This led to slightly higher G values for neat EAN and neat EtAN (1.553 J mol1/3/m3) 
than those previously reported26. Consequently, these should not be considered as absolute values, 
but as a self-consistent series. In Figure 4.15, the calculated G values of EAN and EtAN derived 
solvents were plotted as color-map graphs with only compositions which supported the formation of 
H1 and V1 LLCPs included.  
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Figure 4.15. The change in Gordon parameters of A. EAN derived and                                                                     
B. EtAN derived solvent compositions 
 
The G values for EAN derived solvents were from 0.806 J mol1/3/m3 (EAN_4b) to 2.474 J mol1/3/m3 
(EAN_13b) excluding neat EAN and water. From Figure 4.15A, it can be seen that G values of acid-rich 
compositions were from 1.438 J mol1/3/m3 (EAN_1a) to 2.130 J mol1/3/m3 (EAN_12a), and were higher 
than those of base-rich compositions except for one base-rich composition (EAN_13b) with the 
highest water content and moderate basicity of all base-rich compositions. A similar trend was 
observed for EtAN derived compositions with slightly higher G values than those of their EAN derived 
counterparts due to the increased solvophobicity (Figure 4.15B). The lowest and highest G values for 
base-rich EtAN compositions were found as 1.199 J mol1/3/m3 (EtAN_1b) and 2.263 J mol1/3/m3 
(EtAN_13b), respectively. Those for acid-rich compositions ranged from 1.625 J mol1/3/m3 (EtAN_4a) 
to 2.535 J mol1/3/m3 (EtAN_12a).    
 
When the compositions plotted in Figure 4.15 were compared with those plotted in Figures 4.11 to 
4.14, it was evident that there was a minimum G value required for the formation of H1 and V1 LLCPs 
in these aqueous and non-stochiometric PIL solvents. For the self-consistent G values calculated in 
this study, the minimum G values for the likelihood of H1 phase formation at 65 °C was 1.20 J 
mol1/3/m3 for either EAN or EtAN derived compositions. Those for V1 phase formation at 65 °C should 
be higher than 1.55 J mol1/3/m3 and 1.75 J mol1/3/m3 for EAN and EtAN derived compositions, 
respectively.    
 
Furthermore, all our results and findings in this study suggest that CTAB interacts more with PIL 
cations and water rather than the PIL nitrate anion. This may in part be due to the nitrate anions 
being relatively smaller compared to cations and having a better ionisation in the presence of water. 
The alkyl chain of the ethylammonium cation and that of ethanolammonium cation to a lesser extent 
A B 
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increases the non-polar moieties in the solvent medium and can potentially act as a co-surfactant 
and lead to an increase in the mean curvature of CTAB, and hence influence LLCP formation. 
Although the acid-rich compositions were found to support LLCP formation, this ability is mainly 
attributed to the presence of water.    
 
4.5 Conclusion 
The LLCP formation and behaviour of two different concentrations of a cationic surfactant, CTAB, 
were explored in multicomponent solvent systems of water/ethylamine/nitric acid and water/ 
ethanolamine/nitric acid through cross polarized optical microscopy and SAXS/WAXS analysis. The 
amphiphile concentration, solvent composition and effect of temperature was investigated on the 
lyotropic liquid crystal phases present, and their thermal stability. In general, the transition of phases 
followed the order from micellar to hexagonal to cubic and to lamellar phases to lesser extent. 
Thermal stability of the formed LLCPs were greater in base-rich solvent combinations than the acid-
rich counterparts. For the studied range of solvent systems, samples with water mole fractions 
higher than 0.5 were more likely to promote the formation of cubic phases at higher temperatures. 
Generally, in acid-rich samples even at low surfactant concentrations and low temperature, the cubic 
phase formation was observed, however these were not as thermally stable as those formed in the 
base-rich solvents. The presence of excess amines, either ethylamine or ethanolamine increased the 
thermal stability of phases, although they also increased the onset temperatures of phase formation. 
Consequently, a broad composition region was identified where the LLCPs were supported in these 
aqueous and non-stoichiometric PIL derived solvents.  
 
This study clearly showed that the self-organization behavior of a cationic amphiphile can be tuned 
through modifications of solvent environment resulting in changes in solvophobicity and ionicity of 
the medium. Self-assembly systems with diverse phase formation are extremely desirable and 
advantageous for a range of applications. PILs with their great potential are expected to be 
increasingly used for future application specific investigations. 
 
Acknowledgements 
This research was undertaken in part on the SAXS/WAXS beamline at the Australian Synchrotron, 
Melbourne, Australia.  
 
4.6 References 
1. Welton, T., Room-Temperature Ionic Liquids. Solvents for Synthesis and Catalysis. Chem. Rev. 
1999, 99, 2071−2083. 
 114 
 
2. Wilkes, J. S., A Short History of Ionic Liquids - from Molten Salts to Neoteric Solvents. Green 
Chem. 2002, 4, 73-80. 
3. Giernoth, R., Task-specific ionic liquids. Angew Chem Int Ed Engl 2010, 49 (16), 2834-9. 
4. Khupse, N. D.; Kumar, A., Ionic liquids: New materials with wide applications. Indian J. Chem 
2010, 49A, 635-648. 
5. Greaves, T. L.; Drummond, C. J., Protic Ionic Liquids: Evolving Structure-Property Relationships 
and Expanding Applications. Chem. Rev. 2015, 115, 11379-11448. 
6. Shukla, M.; Saha, S., A Comparative Study of Piperidinium and Imidazolium Based Ionic Liquids: 
Thermal, Spectroscopic and Theoretical Studies. In Ionic Liquids - New Aspects for the Future, 
Intech: 2013. 
7. Greaves, T. L.; Drummond, C. J., Protic Ionic Liquids: Properties and Applications. Chem. Rev. 
2008, 108, 206−237. 
8. Pernak, J.; Goc, I.; Mirska, I., Anti-microbial activities of protic ionic liquids with lactate anion. 
Green Chem. 2004, 6 (7), 323–329. 
9. Van Rantwijk, F.; Sheldon, R. A., Biocatalysis in Ionic Liquids. Chem. Rev.  2007, 107, 2757−2785. 
10. Angell, C. A.; Byrne, N.; Belieres, J. P., Parallel Developments in Aprotic and Protic Ionic Liquids: 
Physical Chemistry and Applications. Acc. Chem. Res. 2007, 40, 1228–1236. 
11. Pernak, J.; Rzemieniecki, T.; Materna, K., Ionic liquids „in a nutshell” (history, properties and 
development). CHEMIK 2016, 70, 471–480. 
12. Fernandez-Castro, B.; Mendez-Morales, T.; Carrete, J.; Fazer, E.; Cabeza, O.; Rodriguez, J. R.; 
Turmine, M.; Varela, L. M., Surfactant self-assembly nanostructures in protic ionic liquids. J Phys 
Chem B 2011, 115 (25), 8145-54. 
13. Inoue, T.; Yamakawa, H., Micelle formation of nonionic surfactants in a room temperature ionic 
liquid, 1-butyl-3-methylimidazolium tetrafluoroborate: surfactant chain length dependence of 
the critical micelle concentration. J. Colloid Interf. Sci. 2011, 356 (2), 798-802. 
14. Araos, M. U.; Warr, G. G., Self-Assembly of Nonionic Surfactants into Lyotropic Liquid Crystals in 
Ethylammonium Nitrate, a Room-Temperature Ionic Liquid. J. Phys. Chem. B 2005, 109, 14275-
14277. 
15. Atkin, R.; Bobillier, S. M. C.; Warr, G. G., Propylammonium Nitrate as a Solvent for Amphiphile 
Self-Assembly into Micelles, Lyotropic Liquid Crystals, and Microemulsions. J. Phys. Chem. B 
2010, 114, 1350–1360. 
16. Fong, C.; Le, T.; Drummond, C. J., Lyotropic liquid crystal engineering-ordered nanostructured 
small molecule amphiphile self-assembly materials by design. Chem Soc Rev 2012, 41 (3), 1297-
322. 
17. Greaves, T. L.; Drummond, C. J., Solvent nanostructure, the solvophobic effect and amphiphile 
self-assembly in ionic liquids. Chem. Soc. Rev. 2013, 42 (3), 1096-120. 
18. Ray, A., Micelle Formation in Pure Ethylene Glycol. J. Am. Chem. Soc. 1969, 91, 6511-6512. 
19. Wijaya, E. C.; Greaves, T. L.; Drummond, C. J., Linking molecular/ion structure, solvent 
mesostructure, the solvophobic effect and the ability of amphiphiles to self-assemble in non-
aqueous liquids. Faraday Discuss. 2013, 167, 191–215. 
20. He, Y.; Li, Z.; Simone, P.; Lodge, T. P., Self-Assembly of Block Copolymer Micelles in an Ionic 
Liquid. J. Am. Chem. Soc. 2006, 128, 2745-2750. 
21. Kaasgaard, T.; Drummond, C. J., Ordered 2-D and 3-D nanostructured amphiphile self-assembly 
materials stable in excess solvent. Phys Chem Chem Phys 2006, 8 (43), 4957-75. 
22. Patrascu, C.; Gauffre, F.; Nallet, F.; Bordes, R.; Oberdisse, J.; de Lauth-Viguerie, N.; Mingotaud, 
C., Micelles in ionic liquids: aggregation behavior of alkyl poly(ethyleneglycol)-ethers in 1-butyl-
3-methyl-imidazolium type ionic liquids. Chemphyschem 2006, 7 (1), 99-101. 
23. Conn, C. E.; Drummond, C. J., Nanostructured bicontinuous cubic lipid self-assembly materials as 
matrices for protein encapsulation. Soft Matter 2013, 9 (13), 3449–3464. 
24. Thomaier, S.; Kunz, W., Aggregates in Mixtures of Ionic Liquids. J. Mol. Liq. 2007, 130, 104-107. 
25. Greaves, T. L.; Drummond, C. J., Ionic liquids as amphiphile self-assembly media. Chem Soc Rev 
2008, 37 (8), 1709-26. 
 115 
 
26. Greaves, T. L.; Weerawardena, A.; Fong, C.; Drummond, C. J., Many Protic Ionic Liquids Mediate 
Hydrocarbon-Solvent Interactions and Promote Amphiphile Self-Assembly. Langmuir 2007, 23, 
402-404. 
27. Lopez-Barron, C. R.; Wagner, N. J., Structural transitions of CTAB micelles in a protic ionic liquid. 
Langmuir 2012, 28 (35), 12722-30. 
28. Greaves, T. L.; Weerawardena, A.; Krodkiewska, I.; Drummond, C. J., Protic Ionic Liquids: 
Physicochemical Properties and Behavior as Amphiphile Self-Assembly Solvents. J. Phys. Chem. B 
2008, 112, 896-905. 
29. Anderson, J. L.; Pino, V.; Hagberg, E. C.; Sheares, V. V.; Armstrong, D. W., Surfactant solvation 
effects and micelle formation in ionic liquids. ChemComm. 2003,  (19), 2444–2445. 
30. Seth, D.; Chakraborty, A.; Setua, P.; Sarkar, N., Dynamics of Solvent and Rotational Relaxation of 
Coumarin-153 in Room-Temperature Ionic Liquid 1-Butyl-3-methyl Imidazolium 
Tetrafluoroborate Confined in Poly(oxyethylene glycol) Ethers Containing Micelles. J. Phys. 
Chem. B 2007, 111, 4781-4787. 
31. He, Z.; Alexandridis, P., Micellization Thermodynamics of Pluronic P123 (EO20PO70EO20) 
Amphiphilic Block Copolymer in Aqueous Ethylammonium Nitrate (EAN) Solutions. Polymers 
2017, 10 (2), 32-50. 
32. Wang, L.; Chen, X.; Chai, Y.; Hao, J.; Sui, Z.; Zhuang, W.; Sun, Z., Lyotropic liquid crystalline 
phases formed in an ionic liquid. Chem Commun (Camb) 2004,  (24), 2840-1. 
33. López-Barrón, C. R.; Li, D.; Wagner, N. J.; Caplan, J. L., Triblock Copolymer Self-Assembly in Ionic 
Liquids: Effect of PEO Block Length on the Self-Assembly of PEO–PPO–PEO in Ethylammonium 
Nitrate. Macromolecules 2014, 47 (21), 7484-7495. 
34. Li, Q.; Wang, X.; Yue, X.; Chen, X., Phase transition of a quaternary ammonium Gemini surfactant 
induced by minor structural changes of protic ionic liquids. Langmuir 2014, 30 (6), 1522-30. 
35. Li, N.; Gao, Y.; Zheng, L.; Zhang, J.; Yu, L.; Li, X., Studies on the Micropolarities of bmimBF4/TX-
100/Toluene Ionic Liquid Microemulsions and Their Behaviors Characterized by UV-Visible 
Spectroscopy. Langmuir 2007, 23, 1091-1097. 
36. Greaves, T. L.; Weerawardena, A.; Fong, C.; Drummond, C. J., Formation of Amphiphile Self-
Assembly Phases in Protic Ionic Liquids. J. Phys. Chem. B 2007, 111, 4082-4088. 
37. Clogston, J.; Rathman, J.; Tomasko, D.; Walker, H.; Caffrey, M., Phase behavior of a 
monoacylglycerol (Myverol 18-99K)/water system. Chem. Phys. Lipids 2000, 107, 191–220. 
38. Qin, C.; Chai, J.; Chen, J.; Xia, Y.; Yu, X.; Liu, J., Studies on the phase behavior and solubilization of 
the microemulsion formed by surfactant-like ionic liquids with ɛ–β-fish-like phase diagram. 
Colloid Polym Sci 2008, 286 (5), 579-586. 
39. Zech, O.; Kunz, W., Conditions for and characteristics of nonaqueous micellar solutions and 
microemulsions with ionic liquids. Soft Matter 2011, 7 (12), 5507–5513. 
40. Hong, B.; Lai, J.; Leclercq, L.; Collinet-Fressancourt, M.; Aubry, J. M.; Bauduin, P.; Nardello-Rataj, 
V., Binary and ternary phase behaviors of short double-chain quaternary ammonium 
amphiphiles: surface tension, polarized optical microscopy, and SAXS investigations. J Phys Chem 
B 2013, 117 (47), 14732-42. 
41. Thater, J. C.; Sottmann, T.; Stubenrauch, C., Alcohol as tuning parameter in an IL-containing 
microemulsion: The quaternary system EAN –n- octane–C 12 E 3 –1-octanol. Colloids Surf. A 
Physicochem. Eng. Asp. 2016, 494, 139-146. 
42. Yalcin, D.; Drummond, C. J.; Greaves, T. L., High-Throughput Approach to Investigating Ternary 
Solvents of Aqueous Non-Stoichiometric Protic Ionic Liquids. Phys. Chem. Chem. Phys. 2019, 21, 
6810-6827. 
43. Greaves, T. L.; Weerawardena, A.; Fong, C.; Krodkiewska, I.; Drummond, C. J., Protic Ionic 
Liquids: Solvents with Tunable Phase Behavior and Physicochemical Properties. J. Phys. Chem. B 
2006, 110, 22479-22487. 
44. Seddon, J. M.; Squires, A. M.; Conn, C. E.; Ces, O.; Heron, A. J.; Mulet, X.; Shearman, G. C.; 
Templer, R. H., Pressure-jump X-ray studies of liquid crystal transitions in lipids. Philos Trans A 
Math Phys Eng Sci 2006, 364 (1847), 2635-55. 
 116 
 
45. Chen, Z.; Greaves, T. L.; Fong, C.; Caruso, R. A.; Drummond, C. J., Lyotropic liquid crystalline 
phase behaviour in amphiphile-protic ionic liquid systems. Phys Chem Chem Phys 2012, 14 (11), 
3825-36. 
46. Greaves, T. L.; Kennedy, D. F.; Mudie, S. T.; Drummond, C. J., Diversity Observed in the 
Nanostructure of Protic Ionic Liquids. J. Phys. Chem. B 2010, 114, 10022–10031. 
47. Hayes, R.; Warr, G. G.; Atkin, R., Structure and Nanostructure in Ionic Liquids. Chem. Rev. 2015, 
115, 6357-6426. 
48. Triolo, A.; Russina, O.; Bleif, H. J.; Di Cola, E., Nanoscale Segregation in Room Temperature Ionic 
Liquids. J. Phys. Chem. B 2007, 111, 4641-4644. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 117 
 
CHAPTER 5. Multi parameter solvation investigation of protic ionic liquids and 
molecular solvents 
 
5.1 Abstract 
Ionic liquids (ILs) are highly tailorable solvents with many potential applications. Knowledge about 
their solvation properties is highly beneficial in the utilization of ILs for a specific task, though for 
many ILs this is currently unknown. In this study, we have investigated 9 molecular solvents and 12 
neat protic ionic liquids (PILs) in terms of their solvation properties based on the Kamlet-Abboud-
Taft’ (KAT) multi-parameter polarity scales. The KAT parameters, which are dipolarity/ polarizability 
(π*), HBD acidity (α) and HBA basicity (β), and the electronic transition energy (ET) were firstly 
obtained for the molecular solvents with an extensive set of 11 solvatochromic probe dye molecules. 
Based on these results the dyes which exhibited the highest sensitivities to polarity changes and had 
the greatest stability were used to determine the KAT parameters of 12 PILs which contained 
alkylammonium cations paired with nitrate, formate or acetate anions. Polarity parameters were also 
obtained for the PILs using the three fluorescent probes of Pyrene, Coumarin 153 and Nile Red for 
comparison. The PILs containing nitrate anions showed the greatest polarity, polarizability and HBD 
acidity followed by formates and acetates. Almost all PILs were found to have polarities comparable 
to water and single chain alcohols like methanol and ethanol. The relative order of the IL polarities 
was similar from the solvatochromic and fluorescent probes. Through this study, in addition to the 
well-known peculiar solvent properties of alkylammonium cation PILs, a great solvation capability of 
these PILs has been explicitly shown, which makes this class of ILs desirable and potential in solvent-
sensitive applications with the requirements of high polarity and H bonding ability.  
 
5.2 Introduction 
Ionic liquids (ILs) are receiving a great deal of attention due to the ability to design them to have low 
viscosity, low vapor pressure, low melting point and/or high thermal stability1-2. Beside several other 
tailorable properties, many also have the ability to dissolve both polar and non-polar compounds, 
despite most of them being classified as `polar` solvents according to general measures of overall 
polarity3-7. Based on polarity and hydrogen bonding ability, it is possible to understand and predict 
the solubility, miscibility and dissolution equilibria6, 8 and hence to design optimum solvent 
environments for targeted applications. However, these properties are not known for a broad range 
of ionic liquids, particularly for the protic ionic liquids (PILs), which are the focus of this study.  
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There are several ways to characterize solvents, including ILs, in terms of their solvation properties 
such as absorption9-10, fluorescence11-13, electron spin resonance14, 1H & 13C NMR15 and vibrational 
spectroscopies16, octanol-water partition17, chromatography17-19 and via solvent effects upon 
chemical reactions20-25 or measuring physical properties like dielectric constants, refractive index, 
dipole moment, and relative permittivity1, 6, 26-27. To determine the overall polarity of conventional 
molecular solvents, a common technique involves measuring the dielectric constant. However, this 
requires a zero conducting medium and hence is not applicable for ILs due to their ionic nature6, 28. In 
general, refractive index and molar refractivity29-30 are used to determine the overall polarity of ILs at 
a macroscopic level. However, these macroscopic properties cannot sufficiently describe the 
solvation strength governed through intermolecular, electrostatic and polarization forces between 
solute and solvent environment31-32. 
 
The empirical scales established on the basis of the shifts in maximum absorbance or fluorescence of 
several solvatochromic/solvatofluorochromic probe molecules upon solvent change have been 
widely accepted by researchers for investigating the solvation behaviour of both molecular solvents 
and also ionic liquids29-30, 33-34. In addition, these single probe scales have been used in the 
characterization and investigations of micro-heterogenous systems such as micelles, vesicles, higher 
order self-assembled structures, sol-gels, porous materials, and polymer films, where specific 
hydrophilic and hydrophobic domains are present35-38.    
 
Kamlet, Abboud and Taft (KAT) developed a solvatochromic comparison method where more than 45 
different solvatochromic probe molecules were tested across about 200 molecular solvents including 
amphiprotic, hydrogen bond acceptor and non-hydrogen bonding solvents39-43. From this, a “Multi 
Parameter Approach” was established for the identification of specific intermolecular interactions, 
such as Coulombic, dipole/dipole, H-bonding and electron pair acceptor-donor interactions. In 
addition, the Linear Solvation Energy Relationship (LSER) between single parameter scales has been 
developed as given in Equation 5.1;  
 
𝑋𝑌𝑍 = (𝑋𝑌𝑍)0 + 𝑆𝜋
∗ + 𝐴𝛼 + 𝐵𝛽         (Equation 5.1) 
 
where XYZ represents the solute property under investigation, π*, α and β are the KAT parameters, 
giving measures of dipolarity/polarizability, HBD acidity and HBA basicity of solvent, respectively26, 31 
and S, A and B are the solvent independent correlation coefficients44. 
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The ET(30) scale, based on a single dye known as Reichardt’s betaine dye, gives a measure of not only 
solvent dipolarity/polarizability, but also hydrogen bond donating ability26. Reichardt et al. have 
reported ET(30) values for more than 360 solvents, including ionic liquids, binary and ternary solvent 
systems29, however the other 3 KAT parameters have not been reported for many of them. According 
to the ET(30), or ETN values reported by Reichardt29 and others17-18, 33, 44-51, the polarity of many ILs are 
within the ET(30) range of 42 – 63 kcal/mol with corresponding normalized ETN values of 0.35 – 1.00. 
These values are comparable to those of dipolar non-H bond donating and H bond donating solvents. 
The results are well correlated with those from other empirical parameters of solvent polarity such as 
fluorescent dyes13, 33, 52 as well as the chromatographic techniques18-19. Based on the ETN values, the 
primary, secondary and tertiary alkyl ammonium class of ILs are among the highest in polarity. This is 
followed by the imidazolium, pyrrolidinium, pyridinium, tetraalkylammonium and phosphonium class 
of ILs with ETN values ranging from 0.35 (like acetone and DMSO) to 0.9 (methanol, ethanol and 
trifluoroethanol) depending on their structure29.  
 
To date, more than 200 different ILs, which are mostly imidazolium and pyridinium class of ILs, have 
been characterized in terms of their solvation properties through employing a multiparameter 
approach. For these, the resulting ET(30) values along with the other 3 KAT parameters (π*, α and β 
values) have been reported30, 51, 53-55. However, very few of these studies have included alkyl 
ammonium ILs, and of those that did, most focused on the aprotic tetraalkylammonium ILs and 
salts17-18, 46-47. The reported solvation properties of protic ionic liquids (PILs) containing primary, 
secondary or tertiary alkylammonium cations are limited to those of ethyl-, propyl-, butyl-, tributyl-, 
dimethyl-, dipropyl- and diethanolammonium cations in combination with nitrate, formate, 
dimethylcarbamate, and thiocyanate anions51, 54. However, none of these studies has explored the 
relationships between the PIL cation and anion structure and their solvation properties.  
 
In this study, we have investigated the solvation behavior and properties of 12 PILs containing an 
alkylammonium cation in combination with formate, acetate or nitrate anions, of which the chemical 
structures are given in Figure 5.1. Many have been previously well-characterized in terms of their 
thermal, structural and macroscopic physicochemical properties56-61. To our knowledge, this is the 
first time in the literature that the solvation properties of alkylammonium PILs have been 
investigated in a systematic way to identify the specific anion and cation effect on the resulting PIL 
solvation capability. Since there are well known discrepancies between the results obtained in 
multiparameter polarity determination studies through the use of probe molecules, we first 
investigated 9 molecular solvents by using a collection of 11 solvatochromic dyes to initially adjust 
the dye sensitivity to solvent changes. The chemical structures of these solvatochromic dyes, along 
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with 2 fluorescent dyes, are given in Figure 5.2. As the solvation parameters of these molecular 
solvents have been very well characterized, based on their results, we have selected the best set of 
dyes to be further used for the polarity determination of neat PILs. The resulting ET(30) values and 
KAT parameters have been compared with those obtained by using 2 fluorescent dyes (Pyrene and 
Coumarin 153) as well as Nile Red, since it exhibits fluorescence upon solvent change and with the 
reported literature values where available. All findings on the solvation properties of alkylammonium 
class of PILs have been discussed in terms of the effects of PIL structure, dye molecule and the 
technique used.  
 
 
Figure 5.1. Chemical structures of neat PILs used in this study 
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Figure 5.2. Chemical structures of the dye molecules used in this study. 1. Phenol blue (PB), 2. Nile 
red (NR), 3. N,N-dimethyl-4-Nitroaniline (DM4A), 4. N,N-diethyl-4-Nitroaniline (DE4A), 5. 4-
nitroaniline (4NA), 6. 4-nitrophenol (4NP), 7. 4-nitroanisole (4NAni), 8. N-methyl-2-Nitroaniline 
(M2A), 9. N,N-dimethyl-2-Nitroaniline (DM2A), 10. Reichardt`s Dye 30 (RD30), 11. Reichardt`s Dye 33 
(RD33), 12. Pyrene (Pyr) and 13. Coumarin 153 (C153) 
 
5.3 Materials and Methods 
The chemicals were all used as received. The amines used were ethylamine (70%, SigmaAldrich), 
ethanolamine (99.5%, Sigma-Aldrich), propylamine (99.5%, Sigma-Aldrich), butylamine (99.5%, 
Sigma-Aldrich), and pentylamine (99%, Sigma-Aldrich). Acids were formic acid (98%, Merck), acetic 
acid (99%, Sigma-Aldrich), and nitric acid (70%, AjaxFineChem). The 12 PILs shown in Figure 5.1 were 
synthesized and dried according to our previously reported method.56, 60 The water content of the 
neat PILs was determined using a Mettler Toledo C20 Karl-Fischer titrator.  
 
As shown in Figure 5.2, the dye molecules were Phenol blue (PB) (97%, Sigma-Aldrich), Nile red (NR) 
(technical grade, Sigma-Aldrich), N,N-dimethyl-4-Nitroaniline (DM4A) (98%, Alfa-Aesar), N,N-diethyl-
4-Nitroaniline (DE4A) (99%, Santa Cruz Biotechnology), 4-nitroaniline (4NA) (99%, Fluka), 4-
nitrophenol (4NP) (99.5%, Fluka), 4-nitroanisole (4NAni) (97%, Aldrich), N-methyl-2-Nitroaniline 
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(M2A) (98%, Aldrich), N,N-dimethyl-2-Nitroaniline (DM2A) (99%, Santa Cruz Biotechnology), 
Reichardt`s Dye 30 (RD30) (90%, Sigma-Aldrich), Reichardt`s Dye 33 (RD33) (99%, Aurora Fine 
Chemicals), Pyrene (Pyr) (99%, Sigma) and Coumarin 153 (C153) (99%, Aldrich). The 9 traditional 
molecular solvents used in this study were water, methanol (99.9%, Alfa-Aesar), ethanol (99.8%, 
Sigma-Aldrich), 2-propanol (99.5%, Sigma-Aldrich), cyclohexanol (99%, Sigma-Aldrich), DMSO (99.9%, 
Sigma-Aldrich), acetonitrile (99.8%, Sigma-Aldrich), cyclohexane (99.9%, Sigma-Aldrich), and 
hexamethyl phosphoramide (HMPA) (99%, Sigma-Aldrich). 
 
Prior to absorbance and fluorescence measurements, the stock solutions of all dyes were prepared in 
anhydrous methanol, which was used as a dye transferring solvent. The dye concentrations in the 
stock solutions are provided in Table S1 in the ESI along with the molecular weights, types of 
hydrogen bonding and solvatochromic (or solvatofluorochromic) shift. An appropriate amount of dye 
solution in methanol (0.3 ml) was first transferred into eppendorf tubes and then the methanol was 
immediately removed under vacuum at 40 °C. Next, the solvent under study was added to these dye 
containing tubes under vigorous shaking. The dye concentrations in each of the solvents was 
sufficient to allow an absorbance greater than 0.1.   
 
All spectroscopic measurements were performed using a Perkin-Elmer EnSight Multimode plate 
reader. The spectral range for absorbance measurements was 250 – 950 nm. The maximum 
excitation wavelengths (λmaxex) for the fluorescent dyes were set at 530, 335 and 415 nm for NR, Pyr 
and C153, respectively whereas ranges of the emission wavelength were 545 – 700 nm, 350 – 450 
nm and 435 – 600 nm for the same dyes. The bandwidth was 1 nm for all absorbance and 
fluorescence measurements.  
 
5.4 Results 
In this study, we initially employed the single probe polarity approach to 9 molecular solvents using 
11 absorbent dyes, to observe the dye sensitivities to different solvents and hence, to narrow down 
the number of dyes. In this manner, we have selected 4 dyes with optimal sensitivity and used them 
to characterize the solvation properties of 12 PILs containing alkylammonium cations. By means of 
the empirical polarity scales developed based on absorbent and fluorescent dye molecules, we 
estimated the electronic transition energy or electrophilicity (ET(30) values), dipolarity/polarizability 
(π*), H bond acidity (α) and H bond basicity (β) parameters for each of the 12 PILs as well as for the 9 
molecular solvents.    
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5.4.1 Molecular Solvents (via absorbance) 
The molecular solvents used in this study have been carefully selected as solvents with anticipated 
similar properties to the alkylammonium PILs. The polarity range of the PILs was expected to 
resemble that of simple alcohols such as methanol, ethanol and of non-protic H bond acceptor 
solvents like DMSO and acetonitrile. Cyclohexane and HMPA were included as common reference 
solvents. The absorbance spectra of each of the 11 dyes in each solvent were acquired, and the 
wavelengths of absorbance maxima are given in Table 5.1.   
 
Table 5.1. The wavelengths of absorbance maxima for dyes in various molecular solvents 
(Uncertainty in λmax ± 1.0 nm) 
 4NAni 4NA 4NP M2A NR PB DE4A DM4A DM2A RD33 RD30 
cyclohexane 297 325 297 409 491 554 367 358 397 LSa 924 
HMPA 316 393 329 433 551 580 404 397 434 471 BDb 
DMSO 317 390 319 439 552 604 413 407 434 528 632 
acetonitrile 310 367 310 429 536 582 402 394 421 501 604 
cyclohexanol LSa 378 315 424 551 612 393 389 416 510 595 
2-propanol 306 376 316 422 544 604 392 388 414 498 589 
ethanol 304 372 315 424 550 606 393 389 415 468 550 
methanol 304 370 314 426 554 607 397 391 417 441 515 
water 318 381 398 446 561 658 430 421 439 408 LS 
a, b The abbreviations LS and BD refer to limited solubility, and band disappearance of dyes in specific 
solvents. 4NAni has limited solubility in cyclohexanol. RD30 (pKa=8.6) is scarcely soluble in water and 
sensitive to acidic medium62. The phenolate oxygen of RD30 is protonated in acidic medium causing 
the intermolecular charge transfer band to disappear. Therefore, its dichloro- substituted derivative, 
RD33 with a lower pKa (4.78) is usually used in water and more acidic medium35. Both Reichardt’s 
dyes had limited solubility in pentylamine. NR with pKa value of 1.009, is also known to be a suitable 
probe for the overall polarity measurement of acidic environments and protic molecular solvents62. 
 
In the analysis of the spectral data given in Table 5.1, certain types of dyes have been compared to 
each other depending on their specific properties. The electrophilicity, or transition energy (ET, 
kcal/mol) of specific interactions, can be calculated from Reichardt’s dyes RD30 and RD33 as well as 
from NR9, 26, 33, 54 and PB10, 34, 63 as reported in the literature. Knowing this, the electronic transition 
energies for molecular solvents were then calculated using Equation 5.2 based on the wavelengths of 
the absorbance maxima of each of these 4 dyes and the resulting data are given in Table 5.2. 
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𝐸𝑇 (
𝑘𝑐𝑎𝑙
𝑚𝑜𝑙⁄ ) = ℎ𝑐𝑣𝑚𝑎𝑥𝑁𝐴 = (2.8591 𝑥 10
−3)𝑣𝑚𝑎𝑥 =
28591.5
𝜆𝑚𝑎𝑥
⁄        (Equation 5.2) 
 
where vmax is the wavenumber and λmax is the wavelength of the maximum of the longest, 
intramolecular charge transfer band of a particular dye. h, c and NA are Planck’s constant, the speed 
of light and Avogadro’s constant, respectively29. 
 
Table 5.2. Electronic transition energies (ET, kcal/mol) of the molecular solvents obtained based on 
RD30, RD33, NR and PB (Uncertainty of ±0.02 kcal/mol). 
 
Relative 
polaritya, 
ETN 
ET (33) 
(kcal/mol) 
ET (30) 
(kcal/mol) 
ET (30)calc 
(kcal/mol) 
ET (NR) 
(kcal/mol) 
ET (PB) 
(kcal/mol) 
cyclohexane (0.00670) ndb 30.94; (30.970) nd 58.23; (58.6369) 51.61; (51.81197) 
HMPA (0.31570) 60.70 (40.970) 51.58 51.89 49.30 
DMSO (0.44470) 54.15 45.24; (45.170) 45.40 51.79; (52.0669) 47.34; (47.19197) 
acetonitrile (0.46070) 57.07 47.34; (45.670) 48.15 53.34; (53.7869) 49.13; (48.97197) 
cyclohexanol (0.50970) 56.06 48.05; (47.270) 47.20 51.89 46.72 
2-propanol (0.54670) 57.41 48.54; (48.470) 48.48 52.56; (53.0269) 47.34; (47.91197) 
ethanol (0.65470) 61.09 51.98; (51.970) 51.95 51.98; (52.1569) 47.18; (47.18197) 
methanol (0.76270) 64.83 55.52; (55.470) 55.48 51.61; (52.0269) 47.10; (47.03197) 
water (1.0070) 70.08 (63.170) 60.43 50.97; (48.2169) 43.45 
aThe dimensionless relative/normalized polarity (ETN) values were extracted from the literature, 
where normalization is done based on the ET (30) values for water (ETN=1.00) and tetramethylsilane 
(ETN=0.00) as extreme polar and nonpolar reference solvents. bNot determined due to no dye 
response in Table 5.1. Numbers in parenthesis were extracted from literature. 
 
From Table 5.2, it can be seen that the experimental ET(30) values for the given solvents exhibited 
good agreement with those reported by Reichardt26. However, as mentioned earlier, RD30 has 
limitations in water and acidic medium where it has limited solubility, or gets protonated, which 
leads to the band disappearing. The closely related dye, RD33, does not have these same limitations. 
Through a simple linear regression, the ET values from RD33 and RD30 were correlated to each other 
as shown in Figure 5.3. Moreover, the linear relationship with reported relative polarity values, ETN is 
also evident from the results. As ETN values of solvents increases from 0.006 for cyclohexane to 1.00 
for water, both ET (33) and ET (30) values increase. By means of the linear regression equation given in 
Figure 5.3, the ET(30)calc values were obtained and given in Table 5.2.  
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Figure 5.3. Electronic transition energy correlation based on the responses of RD30 and RD33 
 
In Figure 5.4, the transition energies obtained by NR (ET(NR)) and PB (ET(PB)) were plotted against 
ET(33) to evaluate how these parameters can be linked to each other. It is evident that there is an 
inverse relationship between the resulting ET values based on the negative (RD30 and RD33) and 
positive (NR and PB) solvatochromic dyes. ET values based on Reichardt’s dyes increase with 
increasing polarity whereas the corresponding values from NR and PB decrease. The results obtained 
by both positive solvatochromic dyes, NR and PB were found to be in good agreement with the 
literature. As can be seen from Figure 5.4A there was a closer linear relationship between the charge 
transfer energies obtained by NR and RD33, contrasted with PB shown in Figure 5.4B. This indicates 
that NR could be used in overall polarity determination, however, Pardo et al. have stated that the 
polarity responses based on RD33 provide 4 times greater sensitivity than those based on NR37. 
Moreover, PB seems to be more sensitive to acidic medium (HMPA) and strongly H bond acceptor 
solvents (DMSO, acetonitrile) and hence, PB was considered unlikely to provide a good measure of 
polarity for PILs.  
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Figure 5.4. Electronic transition energies based on positively solvatochromic dyes A. NR and B. PB 
with respect to those of RD33. Dashed lines are a guide to the eye. 
 
Four different non-HBD solvatochromic dyes, viz., 4Nani, DE4A, DM4A and DM2A (Figure 5.2) were 
separately used in the calculation of π* (dipolarity/polarizability) values for the solvents, which is 
known as the heart of the KAT solvatochromic comparison method. The solvatochromic parameter 
π* measures the dipole-dipole, dipole-induced dipole and dispersive interactions. It represents the 
ability of a solvent to stabilize a neighbouring charge or dipole by virtue of nonspecific dielectric 
interactions. Therefore, π* values represent a blend of dipolarity/polarizability of the solvent26. The 
LSER for solvent dipolarity/polarizability, π* has been simplified by Kamlet, Abboud and Taft by the 
formula given in Equation 5.3. 
 
 𝑣𝑚𝑎𝑥 = 𝑣0 + 𝑠𝜋
∗                   (Equation 5.3) 
 
where vmax is the wavenumber of the lowest energy band of dye molecules, v0 and s are the spectral 
correlation coefficients43, which are provided in Table S2 in the ESI. The correlation coefficients for 45 
different dyes including, the ones we have used, were reported in KAT’s original study43. By using 
Equation 5.3, the π* values for all 9 solvents were calculated and then normalized between 0.00 (for 
cyclohexane) and 1.00 (for DMSO). The resulting normalized π* values are provided in Table S3 in the 
ESI, and shown in Figure 5.5.  
 
From Figure 5.5, it can be seen that all 4 dyes demonstrate a similar trend upon the change of 
dipolarity/polarizability of molecular solvents, however, the values varied significantly. When 
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compared with literature values, the two homomorphic dyes DE4A and DM4A appeared to have the 
greatest consistency.  
 
 
Figure 5.5. π* values of molecular solvents based on 4 different solvatochromic dyes 
 
Since it is incredibly hard to find a solvatochromic dye having sufficient non-specific interactions with 
the solvent but zero hydrogen bonding, the π* values have been averaged across 45 dye molecules in 
the development of the original π* scale43. Of those 45, 2 solvatochromic dyes, 4NAni and DE4A have 
been extensively used by the IL community, although debate remains on which are the most suitable. 
For instance, Jessop et al. have stated that some groups prefer using 4NAni, due to DE4A suffering 
from poor band-shape in low polarity solvents54. Ab Rani et al. have tested a broad collection of 
solvatochromic dyes including 4NAni and DE4A and concluded that even though the results obtained 
with these two dyes were quite close and similar to each other, the use of DE4A could provide a 
better consistency with the literature when comparing and applying the LSER approach53. For these 
reasons, DE4A has been selected in this study as the π* indicator to be further used in PILs.  
 
The other 2 KAT parameters, α (HBD acidity) and β (HBA basicity), were calculated based on the 
selected set of dyes according to the ET and π* values. In Kamlet-Taft LSERs, HBD acidity, α was 
introduced to complete the terms that involve the specific interactions between solvent and solute. 
The α value describes the ability of solvent to donate a proton in a solvent-to-solute H bond. Here, 
the α values were calculated based on ET(30) and  π* values by the simplified equation given below30, 
where ET(30)calc and π*DE4A values were taken from Table 5.2 and Table S3, respectively.   
 
α = 0.0649 (𝐸𝑇(30)) − 0.72π
∗ − 2.03   (Equation 5.4) 
0.00
0.20
0.40
0.60
0.80
1.00
1.20
1.40
π
*
va
lu
es
 
4NAni DE4A
DM4A DM2A
 128 
 
 
The β (HBA basicity) values were determined based on the solvent induced shifts of the longest 
wavelength π - π* absorption band of homomorphic dyes 4NA and DE4A, of which only the former 
can act as HBD substrate whereas both can act as HBA substrates. Through Equation 5.530, β values 
for solvents were calculated and given in Table 5.3 along with the corresponding α values. 
 
      β =
(1.035 (
104
λ𝐷𝐸4𝐴
) − (
104
λ4𝑁𝐴
) + 2.64)
2.80
⁄             (Equation 5.5) 
 
Table 5.3. HBD acidity and HBA basicity of molecular solvents (±0.04) 
 HBD acidity, α 
(in this study) 
α  
(literature) 
HBA basicity, β 
(in this study) 
β  
(literature) 
cyclohexane 0.02 0.031 0.03 0.031 
HMPA 0.69 - 1.00 1.0031 
DMSO 0.17 0.030 0.74 0.7630 
acetonitrile 0.50 0.2931; 0.1930 0.41 0.4030 
cyclohexanol 0.56 - 0.90 - 
2-propanol 0.66 0.7654 0.87 0.84-0.9354 
ethanol 0.87 0.83-0.9854 0.75 0.75-0.8354 
methanol 1.04 1.0530; 0.93-1.1454 0.60 0.6130; 0.66-0.7454 
water 0.93 1.1230; 1.17-1.2354 0.17 0.5030; 0.14-0.4754 
 
From Table 5.3, it can be seen that the HBD acidity and HBA basicity of molecular solvents show good 
agreement with the literature values, except for the α values of water, DMSO and acetonitrile. This is 
due to these solvents having the largest deviation from the ET scale, and hence from the α scale, since 
HBD acidity is a function of the ET scale. However, the selected set of dyes is still considered to be 
suitable for PILs with respect to the high sensitivity of these dyes to amphiprotic solvents such as 
simple alcohols and water. As a result, in the determination of transition energies and the other 
three KAT parameters of the PILs and hence, in numerically quantifying the solvent-solute 
interactions around cybotactic environment for PILs, these 4 dyes, RD30, RD33, 4NA and DE4A, were 
used.  
 
5.4.2 Protic ionic liquids (via absorbance) 
We have used the multiparameter Kamlet, Abboud and Taft LSER approach to determine the 
solvation properties of the 12 alkylammonium cation containing PILs as shown in Figure 5.1. The 
spectral data showing the wavelengths of absorption maxima of the selected dyes in PILs along with 
the water content of neat PILs are provided in Table S4 in the ESI. Using Equations 5.2 to 5.5, the ET 
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values and KAT parameters (π*, α and β values) for PILs were calculated based on the spectral data, 
and the results are given in Table 5.4, with a visual representation in Figure 5.6.  
 
Table 5.4. Solvation parameters of PILs via solvatochromic dyes 
 
ET (33) 
(kcal/mol), 
(±0.02) 
ET (30) 
(kcal/mol), 
(±0.02) 
ET (30)calca 
(kcal/mol), 
(±0.02) 
dipolarity/ 
polarizability, 
π*, (±0.02)b 
HBD acidity, 
α, (±0.04) 
HBA basicity, 
β, (±0.04) 
In this study       
EAF 67.59 ndc 58.09 0.90 1.06 0.73 
EtAF 67.75 59.81 58.24 1.06 0.96 0.65 
DEAF 68.40 nd 58.85 0.86 1.14 0.91 
DEtAF 68.40 nd 58.85 1.06 1.00 0.60 
BAF 65.28 57.99 55.90 0.70 1.06 0.93 
PeAF 64.98 56.96 55.62 0.66 1.07 0.93 
PAA 64.98 56.96 55.62 0.68 1.05 0.98 
PeAA 63.68 55.73 54.39 0.59 1.03 1.07 
EAN 70.08 61.75 60.43 1.08 1.09 0.55 
EtAN 71.30 62.02 61.59 1.17 1.10 0.45 
PAN 69.57 61.36 59.95 1.04 1.09 0.55 
BAN 68.40 60.32 58.85 0.94 1.08 0.58 
By others       
EAN 61.618; 59.847 1.2418 1.1050; 0.8518 0.4618 
PAN 60.618 1.1718 0.8818 0.5218 
[B3N][N] 56.718 0.9718 0.8418  
[BN][SCN] 61.418 1.2318 0.9218  
EAC  62.346     
DMAC  60.346     
DEAN  65.546     
[N][tFA]  43.646     
DEAAd  50.264     
DEAFd  50.664     
DEtAFd  50.164     
aET(30)calc values were calculated through the linear correlation equation (ET(30)=0.9442*ET(33)-
5.7329) obtained for molecular solvents.  bData was normalized between 0 (for cyclohexane) and 1.0 
(for DMSO). cNot determined due to the limited solubility of RD30 in these PILs. dTransition energies 
were obtained based on the solvatochromic band shift of Nile Red (NR)64. The name of other ILs 
listed here are [B3N][N]: tributylammonium nitrate, [BN][SCN]: butylammonium thiocyanate, EAC: 
Ethylammonium chloride, DMAC: dimethylammonium chloride, DEAN: diethylammonium nitrate, 
[N][tFA]: ammonium trifluoroacetate.  
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Figure 5.6. Solvation parameters A. ET(30) transfer energies, kcal/mol, B. π* (dipolarity/polarizability), 
C. α (HBD acidity), D. β (HBA basicity) of PILs. The colors indicate different anions in the PIL where 
blue represents the PILs with formate, green with acetate and yellow with nitrate anions. 
 
From Table 5.4 and Figure 5.6, it is clear that the solvation parameters of the PILs exhibited certain 
trends depending on the cation and anion. In the following sections, we discuss each parameter in 
detail and compare the findings with the reported literature values for the same and other class of 
ILs, where available.  
 
5.4.2.1 Intermolecular charge transfer energy, ET 
From Figure 5.6A, it can be seen that the ET(30) values of the PILs varied between 61.59 – 54.39 
kcal/mol, where EtAN is the greatest and PeAA the lowest. With this magnitude of ET(30) values, the 
PILs in this study possess the highest polarity of  ILs. Although the studies on the same PILs are still 
quite limited, the available literature data have been included in Table 5.4. Similarly, Reichardt C. has 
previously reported that primary and secondary ammonium containing PILs were the most polar ILs, 
with polarities comparable to water, while the tertiary (protic) and quaternary (aprotic) ammonium 
based ILs had lower polarities26, which is in good accordance with our findings.  
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The strong anion dependency of the ET(30) values of these PILs can be clearly seen from Figure 5.6A 
and decreases in the order of nitrates > formates > acetates. Shukla et al. have studied alkyl 
imidazolium PILs and found that the formate anion led to higher polarity than the acetate anion for 
the same PIL cation. Increasing the alkyl chain length on the PIL cation also had an effect on polarity 
but to a lesser extent. Polarity decreased from 1-methylimidazolium to 1-butylimidazolium with the 
same anion62. Beniwal et al. have also investigated the polarity of the same protic imidazolium ILs 
and found the same trend for the PILs with the formate and acetate anions65. Harrod et al. have 
reported the ET(30) and π* values for a broad range of protic and aprotic ammonium and 
phosphonium class ILs including the eutectic salts and concluded that the polarity of salts/ILs 
increased with the increasing size of the anion46. Although the anion dependency of transition 
energies is obvious, Hallett et al. have stated that the degree of difference in ET values for ILs with the 
same cation but different anions actually varies by the cations due to the antagonistic behavior of the 
IL anions in determining the overall hydrogen-bond donating properties of the ionic liquids6. 
 
The specific cation and anion effect on the overall polarity of PILs can also be seen from Figure 5.6A. 
The stronger coulombic force between the PIL cation and anion reduces ET(30) through reducing the 
ability of the cation to interact with the phenoxy moiety30, 66, the HBA center, of RD30. This also 
affects the α values, since α is calculated by separating out the polarizability term from the overall 
polarity. However, the PILs with nitrate anions exhibited greater overall polarity, polarizability and 
HBD ability than those with formate and acetate anions. This is attributed in part to the nitrate anion 
being able to coordinate with the pyridinium cation of RD30, leading to an increase in the 
intramolecular charge transfer energy.  
 
In regard to changes in the PIL cation structure, alkyl and -OH substitution showed a slight increasing 
effect on polarity. The ET(30) value of EAF was found to be 58.09 kcal/mol and it increased to 58.85 
kcal/mol when the cation was replaced with its diethyl- substituent (Figure 5.6A). A similar 
incremental change has been observed from EtAF to DEtAF. Harrod et al. reported an ET(30) value of 
65.5 kcal/mol for diethylammonium nitrate (DEAN)46, which is higher than that of EAN (60.43 
kcal/mol), suggesting a similar increasing effect on alkyl substitution. Zhang et al. have also found 
that introducing an -OH group to 1-ethyl-3-methylimidazolium ILs increased the polarity and its anion 
dependency remarkably67. 
 
Increasing alkyl chain length on the cation and/or also anion led to a decrease in the PILs polarity. 
This is consistent with other classes of ILs, where Chiappe et al. have reviewed the transition energies 
 132 
 
of several class of ILs and concluded that the change in alkyl chain length has a moderate effect 
whereas substitution of -OH groups on the cation increases the polarity to a greater extent30. 
 
Using the solvatochromic dye Nile Red (NR), Chen et al. studied the relationship between the polarity 
and hygroscopicity of PILs to design a PIL with tunable water solubility. The library in their study 
included 9 different PILs, 8 of which are diethyl-, diethanol- and dimethoxymethyl ammonium PILs in 
combination with formate, acetate, sulfate, sulfamate and phosphate anions and pyrrolidonium 
acetate. Based on the solvatochromic shifts of NR, they only examined the overall polarity responses 
of the given PILs whereas the KAT parameters have not been studied. They found that 
diethanolammonium sulfate [DEtAS] and dimethoxymethyl acetate have the greatest and the lowest 
polarities, respectively. Similar to our findings, hydroxyl (-OH) substitution on the cation increased 
the polarity; however, they observed that diethylammonium acetate (DEAA) had a greater polarity 
than DEAF64. As a general trend, Hallett et al. have stated that more basic anions (like acetate 
compared to formate) lead to a decrease in polarity determined by the solvatochromic shifts of Nile 
Red6. 
 
5.4.2.2 Dipolarity/polarizability, π* 
The magnitude of π* depends upon the interactions of the non-H bonding dye, DE4A with its 
cybotactic environment due to the dipole-dipole, dipole induced dipole and dispersive forces, and in 
case of ILs also  ion-ion interactions6, 53. From the data given in Table 5.4 and Figure 5.6B it can be 
seen that the π* values for the alkylammonium PILs varied in the range of 0.59 - 1.17, comparable to 
many polar aprotic and protic solvents, but lower than that of water. Of the PILs used in this study, 
EtAN seems to have the most favorable solvent-solute interactions with the dye, DE4A whereas PeAA 
had the least, attributed to PeAA having an increased distance between cation and anion, as well as 
increased hydrophobicity from the alkyl chain.  
 
The π* values showed a similar trend to the transition energies observed for PILs with nitrate and 
acetate anions, and differed for the alkyl substituted PILs with the formate anion. Figure 5.6B clearly 
shows that PILs with nitrate anions had the highest π* values, followed by formates and acetates. 
Consistent with the literature, it is known that small and highly acidic anions lead to high π* values53. 
Poole et al. have also indicated that alkylammonium nitrate and thiocyanate are more 
dipolar/polarizable than DMSO and water and other class of ILs51. Regarding the anion effect, Shukla 
et al. have observed a similar trend and reported higher dipolarity/polarizability for the 1-
methylimidazolium and 1-butylimidazolium with formate anions than that of acetates. They have 
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also stated that increasing the alkyl chain length on the cation leads to a decrease of π* for ILs with 
the same anions62. 
 
In addition to its anion dependency, we have found that -OH substitution on the cation showed the 
greatest increasing effect on the polarizability of PILs, for formates in particular. The π* values for 
EtAF, DEtAF and EtAN were found to be far greater than their non-hydroxyl derivatives. This -OH 
functionalization, on either the cation or anion of a PIL, can lead to an increase in π* values due to 
the enhanced interaction between the PIL hydroxyl and the dye nitro (-NO2) functional group53. High 
π* values indicate a better stabilization of charge for DE4A in its excited state and hence, favorable 
interaction between the PIL and the dye. Other modifications on the cation such as increasing chain 
length and alkyl substitution affected the dipolarity/polarizability of PILs. Alkyl substitution from EAF 
to DEAF led to π* values decreasing from 0.90 to 0.86, whereas it did not change from EtAF to DEtAF. 
(Figure 5.6B).  In other class of ILs such as morpholinium, imidazolium, pyridinium, pyrrolidinium and 
phosphonium, alkyl substitution led to a decrease in π* values53. Moreover, Ab Rani et al. have also 
said that the π* values of different classes of IL cations with the same anion generally show the 
following order; morpholinium > imidazolium > pyridinium > pyrrolidinium > phosphonium53. 
 
5.4.2.3 HBD acidity, α and HBA basicity, β  
The H bond donating ability (α) of an IL to a dye is connected to the ability of the IL cation to act as a 
H bond donor, which is reduced by the ability of the IL anion acting as H bond acceptor. Similarly, the 
H bond accepting ability (β) of an IL from the dye is connected to the ability of the IL anion to act as a 
H bond acceptor, which is again reduced by the ability of IL cation acting as H bond donor6. In this 
regard, HBD ability is mainly attributed to the nature of the cation whereas the HBA ability depends 
primarily on the anion, with basicity increasing as the strength of the conjugate acid of the anion 
decreases6. It should be noted that conventional α and β scales have been developed through 
normalization to be between 0.0 (cyclohexane) and 1.96 (hexafluoro-2-propanol) for α, and between 
0.0 (cyclohexane) and 1.0 (hexamethylphosphoric acid triamide, HMPT) for β values29. However, we 
have not normalized our data, and while the numeric values could be different when normalized, the 
relative ordering would not be affected. In our results given in Figure 5.6C and 5.6D, HBD acidity 
seemed to vary with both the cation and anion structure, while HBA basicity was more anion 
dependent. Unsurprisingly, the H bond donating (α) and accepting (β) abilities of our PILs showed 
almost an inverse relationship to each other, while some different trends were observed for the PILs 
with the formate anion. As expected, PILs with acetate anions were found to be the greatest H bond 
acceptors followed by the formates and nitrates, whereas PILs with the nitrate anion were found to 
be the strongest H bond donors with one exception, DEAF. This unexpectedly high α value for DEAF 
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could be due to its high ET(30) and low π* values. Although, α is calculated through the subtraction of 
the π* term from the ET scale to separate out the ability of solvents acting as HBD to the phenoxide 
oxygen of RD30, DEAF seemed to prefer solvating RD30 more than DE4A. Moreover, in the PILs with 
nitrate and acetate anions, the HBD ability was found to decrease with increasing alkyl chain length. 
 
Among all these PILs, PeAA (β=1.07) was found to be the greatest H bond acceptor while EtAN 
(β=0.45) was the lowest. Increasing the alkyl chain length on the PIL cation led to a slight increase in 
HBA basicities in PILs with nitrates while the increase was observed to be greater in PILs with organic 
anions. The basicities ranged between 0.45 – 0.58 for nitrates, 0.60 – 0.93 for formates and 0.98 – 
1.07 for acetates (Figure 5.6D). The introduction of an -OH group on the cation reduced the HBD and 
HBA ability of EtAF and DEtAF relative to EAF and EAF respectively, and the HBA ability of EtAN 
compared to EAN, though the HBD ability showed an increase for the PILs with a nitrate anion (Figure 
5.6C and 5.6D). This suggests that the HBD ability of alkylammonium PILs with organic anions has a 
stronger dependency on the cation. Surprisingly, -OH functionalization on the cation with formate 
anions decreased the basicities and the acidities however, an opposite trend was observed for the 
nitrates, where introducing a hydrogen bond donor group increased the acidity and decreased the 
basicity. 
  
There is only one previous literature study that we are aware of where the acidity and basicity of 
alkylammonium PILs was reported, and this was by Poole et al. where they investigated the solvation 
properties of EAN and PAN along with nitrates of other ammonium and phosphonium cations18. Their 
data is provided in Table 5.4. They found that the H bond donating (α) and accepting (β) abilities of 
PILs showed a great resemblance with those of water and simple aliphatic alcohols. The 
alkylammonium nitrate and thiocyanate salts are all strong hydrogen-bond donors (α = 0.84–0.97) 
and moderate hydrogen-bond acceptors (β = 0.39–0.52), as reported by Poole C51, which is in good 
agreement with our findings.  
 
With respect to HBD and HBA abilities, different observations have been reported for other classes of 
ILs, with some discrepancies. In the protic alkylimidazolium ILs, Shukla et al. have reported that PILs 
with the inorganic sulfate anion exhibited the highest HBD acidity and lowest HBA basicity62. They 
also found that the α values of 1-methylimidazolium PILs decreased on changing the anion from 
sulfate to formate or acetate. Unlike ours, increasing the alkyl chain length on the alkylimidazolium 
cation had an increasing effect on α values. However, Kurnia et al. have stated that the increasing 
alkyl chain length in [CnC1im] cation from n=1 to 9, all combined with the same anion, [NTf2] led to 
decrease HBD acidity and increase HBA basicity68, which agreed well with our findings for PILs with 
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nitrate and acetate anions. As a more general view, they have also compared the KAT parameters 
obtained for ILs with different type of cations, where imidazolium ILs showed the greatest acidity 
followed by tetraalkylammonium >sulfonium > pyridinium > pyrrolidinium > piperidinium > 
tetraalkylphosphonium based ILs with an opposite order for basicity68. However, Hallett et al. have 
said that lengthening the alkyl chains caused acidities to decrease for -OH substituted imidazolium, 
pyridinium and pyrrolidinium cation ILs6. 
 
Jessop et al. have reported KAT parameters for many classes of ILs and some exhibited unexpected 
trends upon change on either cation or anion. For example, the reported HBD acidities and HBA 
basicities of butyl-, hexyl-, and octyl pyridinium with the combination of a [NTf2] anion did not follow 
a certain trend. Similarly, there was no obvious relationship on increasing chain length on the IL 
cations for methylpropyl-, methylpentyl- and methylhexylpyrrolidinium ILs with again the same 
anion, [NTf2]54. 
 
Consequently, the results on HBD acidity and HBA basicity seem to vary remarkably depending on 
the cationic and anionic class of ILs, the dye molecules used in LSERs, impurities present and even on 
how precisely the sample preparation was done. Therefore, a more sophisticated approach and 
techniques are required in quantifying the strengths of IL acidity and basicity and also in developing 
structure-property relationships for these two parameters, in particular, which are discussed in more 
detail in the following sections. In addition, there is a need for larger data sets collected in a 
consistent manner to enable broader comparisons.   
 
5.4.3 Protic ionic liquids (via fluorescence) 
We also employed the single parameter approach based on fluorescence dyes, since fluorescent dyes 
should have a greater sensitivity to small changes in the overall polarity26, 33. Here, three fluorescent 
dyes, Pyrene, Coumarin 153 and Nile Red, were selected, as these have been the most commonly 
used dyes in polarity determination studies. Samples were prepared in the same way as the other 
absorbent dyes, but the spectral ranges of fluorescence were determined separately for each dye, as 
explained in the Methods section. The spectral data for the three dyes in PILs, and in selected 
molecular solvents, along with the literature values where available are given in Table 5.5.  For better 
visualization and ease of comparison with the ET(30) and π* scales shown in Figure 5.6A and Figure 
5.6B, the polarity responses by the fluorescent dyes are given in Figure 5.7, where Figure 5.7A, 5.7B 
and 5.7C show the responses obtained by Pyrene, Coumarin 153 and Nile Red, respectively.   
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Table 5.5. Emission band I to III intensity ratio for pyrene (II/IIII), emission maxima (λem) of coumarin 
153 and Nile Red in PILs and molecular solvents (Uncertainty of ± 0.5 nm) 
Protic ionic 
liquids 
Pyr (II/IIII)a λem (C153)b λem (NR)c 
EAF 1.025 536 635 
EtAF 1.119 545 642 
DEAF 1.090 538 634 
DEtAF 1.122 535 641 
BAF 0.979 529 629 
PeAF 0.955 530 628 
PAA 0.987 525 625 
PeAA 0.951 528 621 
EAN 1.148 544 (55069) 647 
EtAN 1.495 548 650 
PAN 1.019 544 645 
BAN 0.990 539 642 
Molecular 
solvents 
   
water 0.92 (1.9633-1.4667)  (54870) 666 (666.133) 
methanol 0.86 (1.5033 -1.3551-1.2467)  533 (53671-53272) 635 (641.333) 
acetonitrile 1.02 (1.8833-1.7951-1.5067)  520 (52170) 619 (620.033) 
DMSO 1.22 (1.9033 - 1.9551)  528 628 (640.033)  
a λex = 335 nm. b λex = 415 nm. c λex = 530 nm. Numbers in parenthesis were extracted from literature.  
 
5.4.3.1 Pyrene (Pyr) 
As a non-ionic fluorescent dye, pyrene provides a measure of dipolarity/polarizability similar to the 
π* scale, and is defined as the II/IIII emission band intensity ratio, where band II corresponds to an S1 
(ν = 0) ⇒ S0 (ν = 1) transition (at 375 nm) and band IIII is an S1 (ν = 0) ⇒ S0 (ν = 1) transition (at 385 
nm). The II/IIII ratio increases with increasing solvent dipolarity. As can be seen from Table 5.5 and 
Figure 5.7, the numeric values obtained in this work for molecular solvents were lower than those 
reported in the literature. However, this is largely because this technique is highly dependent on the 
experimental conditions, which also leads to a lack of consistency between different publications33, 51, 
67. For this reason, and due to the lack of available data in the literature, we have compared the PIL 
dipolarities based on pyrene with the π* scale calculated using solvatochromic dye, DE4A and 
provided in Table 5.4.   
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Figure 5.7. Polarity responses of A. Pyrene, B. Coumarin 153, and C. Nile Red in PILs                                   
and molecular solvents 
 
According to the Pyrene results, the PILs with nitrate anions exhibited the highest dipolarity, followed 
by formates and acetates, which agrees very well with π* values obtained based on using DE4A. Of 
all the 12 PILs, EtAN was found to be the most dipolar and PeAA the least. Increasing the alkyl chain 
length on the cation led to a reduction in dipolarity whereas -OH group and alkyl substitution on the 
cation showed a polarity increasing effect. The polarities of almost all the PILs were found to be close 
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to that of acetonitrile whereas EAN and EtAN were more dipolar and reminiscent of DMSO. Poole et 
al. have studied 3 non-ionic fluorescent dyes in several ammonium and phosphonium class of ILs, 
however, they have reported the dipolarity responses for EAN and PAN only based on the probe, 
benzoperylene51. The dipolarity of EAN and PAN based on benzoperylene were both 1.20, which is 
similar to polar non-ionic solvents like acetonitrile (1.23). They have also stated that the dipolarities 
of primary alkylammonium nitrates were higher than those of alkylammonium thiocyanates but 
lower than those of tertiary and quaternary alkyl ammonium ILs51.  
 
5.4.3.2 Coumarin 153 (C153) 
Unlike pyrene, C153 is a polar charged fluorescent compound when excited and hence, it should be 
affected by the ionic interactions. We believe that understanding its behaviour in PILs can give an 
insight into understanding the solvation of charged molecules in PILs. Unfortunately, this compound 
has not been used much with ILs in the literature, except for a few studies on investigating self-
assembly of amphiphiles69-71 and via time-resolved fluorescence spectroscopy11, 13, 73. As given in 
Table 5.5, λem of C153 in neat EAN has been reported as 550 nm by Rao et al69. In another study by 
Seth et al., λem has been reported as 531 nm for dimethylethanolammonium formate72, which was 
close to those of methanol (λem = 533 nm) and DEtAF (λem = 535 nm), respectively. As plotted in 
Figure 5.7B, the polarity of PILs with nitrate anions showed similar polarities to that of water, PILs 
with formate anions were found to be close to that of methanol and those with acetate anions were 
DMSO alike, with EtAN is the most polar, and PAA the least. With respect to anion dependency, the 
relative ordering was found to be the same as observed with ET(30) values. However, responses upon 
the structural change in the PIL cation were slightly different than those observed with ET(30) values.   
 
5.4.3.3 Nile Red (NR) 
As Nile red possesses both absorbance and fluorescence properties, we included this probe in the 
fluorescence measurements. The ET(NR) values of molecular solvents given in Table 5.2 based on 
absorbance measurements showed a good agreement with its fluorescence responses (Table 5.5), 
where polarity of solvents varied in the order of water>DMSO~methanol>acetonitrile. Like pyrene, 
NR is also sensitive to changes in solvent dipolarity/polarizability (π*)51. The fluorescent responses of 
NR in all 12 PILs (Figure 5.7C) exhibited a great similarity with those of Pyr (Figure 5.7A) as well as the 
π* values (Figure 5.6B). Although it appeared to be a good indicator of overall polarity and dipolarity 
in PILs, the relative ordering found in molecular solvents (water, methanol, DMSO and acetonitrile) 
based on fluorescent NR and Pyr and absorbent DE4A was different from each other. This explicitly 
suggests that the ionic nature of PILs allows them to make stronger interactions with all the probe 
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molecules, despite the dyes being specifically sensitive to certain types of interactions in molecular 
solvents.     
 
5.5 Further Discussion  
A Linear Free Energy relationship can be utilized to describe the solvation process of a solute in three 
stages: (1) a suitable size of cavity should be formed in the solvents, in PILs in our case, (2) solute is 
replaced in solvents and polarizes them, and (3) due to the polarization, reorganization of solvent 
molecules around the cavity takes place through various solvent-solute interaction19, 31. The 
polarization takes place in different ways in molecular solvents and ILs, which are described as 
orientational and translational polarization74. Orientational polarization occurs when the molecular 
solvents are attracted towards the solute by dispersion forces, and oriented around the cavity by the 
solute local charge. In ionic solvents such as ILs, anions and cations are placed towards the positive 
and negative sides of a solute leading to an inhomogeneity with polar and non-polar domains74. 
 
Although solvatochromic methods were originally developed for describing the solvation properties 
of molecular solvents, they have been widely employed by the IL community for comparing the IL 
properties and behaviors with well-characterized conventional solvents. However, while comparing 
the results, great care should be taken since these parameters are highly sensitive to the method, 
probe molecules, presence of impurities, and even sample preparation29. Depending on many 
variables, the solvation parameters vary widely. For example, the reported relative polarity values for 
one of the commonly used ionic liquid [BMIM][NTf2] varied in the range of 0.645 – 0.84020, 30.   
 
Employing a multiparameter approach has remarkable advantages compared to single probe 
scales/parameters. However, selection of the dyes/probes is critical in either single or 
multiparameter scales. The zwitterionic Reichardt’s dye have been the most widely used probe in the 
determination of overall polarity, and it senses the dipolarity/polarizability and also H bond donating 
ability of solvents. Due to its zwitterionic nature, it is believed that the betaine dye is affected by the 
coulombic interactions with ILs, which is not the case with molecular solvents. Some researchers 
have preferred using other probe molecules, such as N,N-dimethylbenzamide53, Nile Red27, 64, 
tetramethyl-piperidine-1-oxyl14, 4-hydroxy2,2,6,6-tetramethylpiperidine-1-oxyl14 or spiropyran 
derivatives75-76. Others have tried fluorescent dyes such as pyrene51, 67, dansylamide67, coumarin 
derivatives72, 4-aminophthalimide52 and 4-(N,N-dimethylamino)phthalimide52 claiming they have 
higher sensitivity to solvent change and are capable of overcoming the problems encountered for 
betaine dyes, such as their large size, required relative high concentrations  causing a possible dye-
dye interaction, and their zwitterionic nature67. All these parameters of solvent polarity have been 
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successfully applied in the analysis of solvent related relationships, processes, solvation dynamics 
and equilibria and in most cases, they have been well correlated with the findings obtained based on 
Reichardt’s betaine dyes29. For these reasons, the set of dye molecules in this study, and in many 
others, appear to be more suitable ones in establishing the polarity scales for moderately and/or 
highly polar protic solvents, in particular. It was found that using the N,N-diethyl-4-nitroaniline/4-
nitroaniline pair, along with Reichardt’s dye 30, provided the greatest internal consistency in the 
polarity analysis. They are also the most commonly used set of dyes in the literature, which gives the 
greatest availability of comparison with other solvents. However, it is still possible for two 
homomorphic dyes to give quite different parameter values6. The main reason is that the correlation 
equations are obtained from average values of the dye molecules in hundreds of different solvents, 
which is not feasible for each new solvent being investigated39-43, 77. 
 
The solvation behavior and capability of ILs also depends upon the nature of the dissolved probe, 
mainly if it is non-polar or polar, and non-ionic or charged. The polarity of ILs obtained using a polar 
probe is significantly different from that obtained by a non-polar probe. Moreover, understanding 
the effect of coulombic contribution is very important. If the probe molecule is charged, then there 
would be a strong coulombic contribution to the IL-dye interactions6, 62. If it is neutral, the coulombic 
contribution could be negligible. Consequently, the empirical scales developed based upon charged 
or polar probes usually give higher polarity values for ILs than those based upon neutral or non-polar 
probes. In our results, it was found that the coulombic contribution in PIL-dye interactions was 
significantly higher, regardless of whether the probe molecule was non-polar or not, resulting in the 
indication of a higher degree of dye solvation capability relative to that of molecular solvents. While 
there is no absolute scale, or method to compare different scales, some tentative generalizations are 
possible. In the IL community, it is generally accepted that the alkylammonium class of ILs has the 
highest dipolarity/ polarizability values and greater than those of molecular solvents, due to the 
coulombic interactions along with dipole/polarizability effects29. Moreover, HBD acidity and HBA 
basicity values cover quite a large range and vary significantly depending on the IL structure. HBD 
acidities are primarily controlled by the IL cation whereas HBA basicities are mainly determined by 
the IL anion78.   
 
Despite the quantification of the strength of HBD acidity and HBA basicity, these remain the most 
challenging aspect of empirical KAT scales. Some researchers have found correlations between the 
reported α and β values of ILs and their behaviour as reaction solvents, such as the highest selectivity 
observed for ILs with the strongest hydrogen bond donor capacity, combined with the weakest 
hydrogen bond acceptor ability20. 
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5.6 Conclusion 
The solvation behaviour of 9 traditional molecular solvents and 12 alkylammonium cation PILs were 
investigated through Kamlet, Abboud and Taft LSER methods. From the initial screening of 11 
solvatochromic dyes across all molecular solvents, Reichardt’s dye 30, Reichardt’s dye 33, 4-
nitroaniline and N,N-diethyl-4-nitroaniline were found to be the optimal set of dyes for determining 
the solvatochromic parameters of PILs, which are ET, π*, α and β. All of 12 alkylammonium cation 
containing PILs combined with nitrate, formate and acetate anions were found to be strongly polar 
with high H bond donating and moderate H bond accepting abilities. Certain trends upon the change 
in ionic species were observed. All solvation parameters exhibited stronger dependency on the PIL 
anion than the cation. Nitrate containing PILs led to highest polarities and H bond donating abilities 
followed by formates and acetates. Hydroxyl substitution on the PIL cation demonstrated an 
increasing effect on molar transition energy and dipolarity while leading to H bond donating and 
accepting abilities decreasing.    
 
Results obtained through the use of absorbent dyes were also compared with those obtained by 
using three fluorescent probes, which were pyrene, coumarin 153 and nile red. Although the relative 
polarity order of PILs found with respect to fluorescent dyes was quite similar to each other and 
those based on absorbent dyes, the neutral molecule pyrene was found to be the most sensitive to 
even small change in polarity of PILs.   
 
Through this study, a huge gap in the literature has been filled since this is the first time that the 
solvation properties of the alkylammonium cation class of ILs has been investigated in a systematic 
way.  
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CHAPTER 6. Solvation properties of binary protic ionic liquid - molecular 
solvent mixtures 
 
6.1 Abstract 
Ionic liquids (ILs) are increasingly receiving great interest for a wide range of applications. However, 
for many applications their cost and/or viscosity can be too high. This can be addressed by using 
protic ionic liquids as cheaper alternatives, and through mixing with molecular solvents. However, 
mixing ILs with a molecular solvent adds another dimension to the compositional space, as well as 
increases the complexity in solvent-solute interactions. In this study, we have investigated the 
solvation properties of binary mixtures of PILs with molecular solvents. The selected binary solvent 
systems are the PILs ethylammonium nitrate (EAN) and propylammonium nitrate (PAN) combined 
with either water, methanol, acetonitrile or DMSO. In addition, water is combined with the other 
molecular solvents for comparison. The mole fractions of secondary solvents were 0, 0.25, 0.5, 0.75, 
0.9 and 1 for all combinations, which resulted in a total of 66 solvent mixtures. The solvation 
properties in each of these mixtures are determined from spectroscopic measurements of 4 different 
solvatochromic and 3 different solvatofluorochromic probe molecules as solutes. The solvation 
properties were comparatively investigated, and interpreted in terms of the specific and non-specific 
interactions between PIL-solvent, PIL-solute and solvent-solute. Moreover, all 66 solvent mixtures 
were also analysed using FTIR with no probe molecules present. The results showed that the 
solvation parameters of the binary mixtures deviated considerably from the ideal solvation behavior. 
In many cases, bulk compositions and the estimated excess compositions in the solvation shells of 
probes are found to be different, suggesting the presence of preferential solvation, the extent of 
which is solute dependent. Our results clearly show that using PILs in a mixture with molecular 
solvents can strongly enhance the solvation capability.    
 
6.2 Introduction 
There is a growing interest in tailoring the physicochemical and thermal properties of ionic liquids 
(ILs) through mixing them with another IL or a molecular solvent1-3. Research on mixing ILs with other 
solvents has generally focused on decreasing the melting point and viscosity and increasing the 
conductivity3-4. Several studies of the modification of the thermal, physicochemical and solvophobic 
properties and liquid nanostructure of protic ILs (PILs) through mixing have been reported by our 
group5-12 and by others13-17, and similarly for other groups on aprotic ILs15-16, 18-21.  
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Of all the distinct properties of ILs, their ability to dissolve a wide range of polar and non-polar 
compounds makes them a desirable solvent medium for many applications such as catalysis22-24, 
extraction25-26 and self-assembly27-32, electrochemical33-35 and biochemical processes36-38. In binary 
mixtures or multicomponent solvent systems, understanding the role of IL solvation behavior is of 
great importance. The macroscopic measures of solvation, such as refractive index, dipole moment 
and dielectric constants are not necessarily useful, as they can only describe the bulk behaviour of 
mixtures39-41. In IL containing systems, the interactions are complex, with many solvent-solvent and 
solvent-solute interactions present42-43. To this end, numerous studies on polarity determination and 
identification of specific and non-specific interactions present in mixtures have been reported based 
on empirical polarity scales, using several solvent-sensitive probe molecules40, 44. The responses of 
the probe molecules strongly depend on the composition of the cybotactic environment, and the 
empirical scales can be an effective way to study solvent-solute and solvent-solvent interactions as 
well as to determine the degree of solvent preference of the probes; so called “preferential 
solvation”42, 45-47.  
 
Although there are several empirical polarity scales and probe molecules, Kamlet-Abboud-Taft’s 
(KAT) multi-parameter polarity scale in conjunction with molar transition energies has been widely 
accepted and employed for mixtures of molecular solvents and ILs42, 48-53. According to this empirical 
scale, the solvatochromic shifts of certain probe molecules provide information on molar transition 
energies (ET), dipolarity/polarizability (π*), H bond donating (α) and accepting (β) abilities of the 
cybotactic environment and hence the microscopic polarity regions in a mixture44, 54. Reichardt C. has 
previously reviewed a broad range of studies where molar transition energies based on Reichardt’s 
betaine dye 30 (ET(30) values) for binary solvent mixtures had been reported44. These mostly include 
solvent mixtures of water with primary alcohols, dioxane, dimethylsulfoxide, acetonitrile, 
dimethylformamide, and tetrahydrofuran. In these studies and many others, it has been found that 
the addition of a small amount of polar solvent to solutions of probes in a nonpolar solvent can cause 
a solvatochromic band shift because of the preferential solvation of probes with a change in 
composition of the solvation shell2, 44, 47, 55-61.  
 
To date, studies of the solvation behavior of IL containing mixtures have mostly focused on the 
imidazolium and pyridinium classes of ILs combined with water, methanol, ethanol, acetonitrile or 
DMSO4, 42, 49-50, 52-53, 62-65. The change in molar transition energies upon co-solvent addition, and the 
other 3 KAT parameters (π*, α and β values) to a lesser extent were also reported in these studies42, 
49-50, 53, 62, where solvation parameters have been estimated through the use of a well-known set of 
probe molecules including Reichardt’s betaine dye 30 and its less protic, dichloro- substituted 
 148 
 
derivative betaine dye 33, N,N-diethyl-4-nitroaniline and 4-nitroaniline. As well, Harrod et al. have 
investigated the effect of water content as an impurity on the polarity of tetraalkylammonium and 
phosphonium ILs41. In addition, the mixing behaviour of various ILs but not the solvation behaviour 
has been investigated by Bahadur et al, where a few alkylammonium salts were included66.  
 
In determination of mixing/solvation behavior and understanding the intermolecular interactions, 
fluorescent dyes4, 42, 48, 67-68, other spectroscopic methods such as FTIR69-72 and NMR5, 73 and liquid 
nanostructure6-7, 74-76 have also been used by researchers where the imidazolium class of ILs have 
mostly been the focus. There was one closely related study by Herfort et al., where they have 
investigated the change in molar transition energies in binary mixtures of EAN with water, methanol, 
and DMSO along with the corresponding aqueous systems1 and their findings were discussed 
comparatively.  
 
In this study, we have selected water, EAN and PAN as the primary solvents and mixed them with 
organic solvents of methanol, DMSO, and acetonitrile, along with EAN and PAN mixed with water. 
The solvents were prepared at the mole fractions of the secondary solvents of 0, 0.25, 0.5, 0.75, 0.9 
and 1, resulting in a total of 66 solvent systems. These were all characterised based on absorbance 
and fluorescence measurements along with FTIR spectroscopy. The molar transition energies and 
KAT parameters were estimated via the use of 4 well known solvatochromic dyes (RD33, RD30, DE4A 
and 4NA) shown in Figure 6.1. Results have been discussed in terms of deviations from ideal 
solvation behaviour for each parameter separately. Furthermore, the compositions in the solvation 
shell have been estimated based on the deviations from ideality. For comparison, the solvation 
properties of all 66 solvent environments were also analysed using 3 fluorescent dyes which were 
Nile Red (NR), Pyrene (Pyr) and Coumarin 153 (C153).  
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Figure 6.1. Chemical structures of the dye molecules used in this study. (1) Reichardt’s dye 30 (RD30), 
(2) Reichardt’s dye 33 (RD33), (3) N,N-diethyl-4-nitroaniline (DE4A), (4) 4-nitroaniline (4NA), (5) Nile 
Red (NR), (6) Pyrene (Pyr) and (7) Coumarin 153 (C153). 
 
6.3 Materials and Methods 
The chemicals were all used as received. The chemical structures of dye molecules are given in Figure 
6.1, where the absorbent dyes are Reichardt`s Dye 30 (RD30) (90%, Sigma-Aldrich), Reichardt`s Dye 
33 (RD33) (99%, Aurora Fine Chemicals), N,N-diethyl-4-Nitroaniline (DE4A) (99%, Santa Cruz 
Biotechnology), 4-nitroaniline (4NA) (99%, Fluka), and the fluorescent dyes are Nile red (NR) 
(technical grade, Sigma-Aldrich), Pyrene (Pyr) (99%, Sigma) and Coumarin 153 (C153) (99%, Aldrich). 
The 4 traditional molecular solvents used in this study were water, methanol (99.9%, Alfa-Aesar), 
DMSO (99.9%, Sigma-Aldrich) and acetonitrile (99.8%, Sigma-Aldrich).   
 
Ethylammonium nitrate (EAN) and propylammonium nitrate (PAN) were synthesized and dried 
according to our previously reported method.77-78 The water content of the neat PILs were 
determined using a Mettler Toledo C20 Karl-Fischer titrator. Prior to absorbance and fluorescence 
measurements, the stock solutions of all dyes were prepared in anhydrous methanol, which was 
used as a dye transferring solvent in all spectral measurements. The concentrations of the 
absorbance and fluorescent dyes in the stock solution are provided in the footnote to Table S1 in the 
ESI. The appropriate amount of dye solution in methanol (0.3 ml) was first transferred into eppendorf 
tubes and then the methanol was immediately removed under vacuum at 40 °C. Subsequently, the 
solvent under study was added to the dye containing tubes under vigorous shaking. The dye 
concentrations in each solvent was sufficient to allow an absorbance greater than 0.1.   
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All spectroscopic measurements were performed using a Perkin-Elmer EnSight Multimode plate 
reader. The spectral range for absorbance measurements was 250 – 950 nm. The spectral ranges for 
the 3 fluorescent dyes (NR, Pyr and C153) were determined separately. First, excitation scans were 
performed in each solvent to find out the excitation maxima and the resulting spectra for NR and 
C153 were provided in Figure S1 and Figure S2 in the ESI, respectively. Then, the maximum excitation 
wavelengths (λmaxex) were accordingly set at 530, 335 and 415 nm for NR, Pyr and C153, respectively 
whereas ranges of the emission wavelength were 545 – 700 nm, 350 – 450 nm and 435 – 600 nm for 
the same dyes. The bandwidth was 1 nm for all absorbance and fluorescence measurements.  
 
FTIR spectroscopy was performed using a Perkin–Elmer Frontier MID/FAR-IR instrument with a 
diamond ATR attachment. All solvent samples were left to equilibrate for 1 h prior to measurements 
and spectra were recorded in the range 400 – 4000 cm−1 accumulated for 32 scans at a resolution of 
2 cm−1.  
 
6.4 Results 
The solvation properties of binary mixtures of water, EAN and PAN with the molecular solvents of 
methanol, DMSO and acetonitrile were extensively explored using both solvatochromic and 
solvatofluorochromic dyes. First, using the equations from 6.1 to 6.5, the solvation parameters based 
on absorbance measurements were calculated and the wavelengths of absorbance maxima in binary 
mixtures of water, EAN and PAN with other solvents are provided in Table S1, Table S2 and Table S3, 
respectively.  
 
Molar transition energy (kcal/mol)51; ET(30) = 28591.5/λmax                                                    (Equation 6.1) 
Correlation between ET(33) and ET(30); ET (30) = 0.9442* ET (33)-5.7329               (Equation 6.2) 
Dipolarity/polarizability79; Vmax = V0 + sπ* where V0= 27.52 and s= -3.182              (Equation 6.3) 
HBD ability80 α = 0.0649 (ET(30)) – 0.72π* – 2.03                    (Equation 6.4) 
HBA ability80 β =
(1.035 (
104
λ𝑁,𝑁−𝑑𝑖𝑒𝑡ℎ𝑦𝑙−4−𝑛𝑖𝑡𝑟𝑜𝑎𝑛𝑖𝑙𝑖𝑛𝑒
) −  (
104
λ4−𝑛𝑖𝑡𝑟𝑜𝑎𝑛𝑖𝑙𝑖𝑛𝑒
) + 2.64)
2.80
⁄      (Equation 6.5) 
 
Then, by assuming that ideal mixing and solvation took place in all samples, the corresponding ideal 
values were calculated for any polarity measure (ET, π*, α and β) in a binary mixture as given in 
Equation 6.6.   
𝑃 =  𝑋𝐴𝑃𝐴
0 + 𝑋𝐵𝑃𝐵
0                (Equation 6.6) 
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where Pi represents any polarity parameter and Xi is the bulk molar fraction of one component in a 
binary mixture with Xj = (1 – Xi). Similarly, using Equation 6.6 and the measured parameter for the 
mixture, the mole fraction of the second component in the binary mixture could be calculated. By 
subtracting the ideal values from the corresponding measured values, the deviations or excess of 
parameters were obtained for each parameter separately. The results were discussed in terms of the 
change in solvation properties of mixtures and the possible variation in micro-heterogeneity of the 
solvation shells around the solute caused by preferential solvation. 
 
6.4.1 ET scale and Kamlet-Abboud-Taft (KAT) parameters (via absorbance) 
The molar transition energies and the KAT parameters were calculated for all 66 binary solvent 
systems and the resulting solvation parameters for binary mixtures of water, EAN and PAN with 
other molecular solvents are given in Table 6.1, Table 6.2 and Table 6.3, respectively.  
 
From Table 6.1, it can be seen that molar transition energies and the other 3 KAT parameters of 
water have been significantly changed upon mixing with methanol, acetonitrile and DMSO. Of all 
molecular solvents, water is known as the most polar one followed by methanol, acetonitrile and 
DMSO44 and our findings are in good accordance, with ET(30) and π* values decreasing in all cases 
with the addition of molecular solvents. Regarding H bond donating (HBD) ability (α), there was a 
remarkable decrease in α values when the added solvent was an aprotic, polar solvent like 
acetonitrile and DMSO. In the aqueous solutions of methanol, α values increased with increasing 
methanol molar fraction in the mixture. In all cases, the H bond accepting (HBA) ability of the 
solvents increased upon solvent addition with DMSO showing the highest HBA ability and water the 
lowest.  
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Table 6.1. Solvation parameters for binary mixtures of water with methanol, acetonitrile, and DMSO 
Mole fractions 
ET (33) 
(kcal/mol) 
(±0.02) 
ET (30) 
(kcal/mol) 
(±0.02) 
ET (30)calc 
(kcal/mol) 
(±0.02) 
π* 
(±0.02)a 
α 
(±0.04) 
β 
(±0.04) 
water methanol       
1.0 0 70.08 ndb 60.43 1.32 0.93 0.17 
0.75 0.25 68.56 59.44 59.01 1.19 0.92 0.38 
0.50 0.50 66.49 56.96 57.05 1.06 0.88 0.45 
0.25 0.75 65.28 55.95 55.90 0.92 0.90 0.46 
0.10 0.90 64.98 55.63 55.62 0.78 0.98 0.54 
0 1.0 64.83 55.52 55.48 0.68 1.04 0.60 
water acetonitrile       
1.0 0 70.08 nd 60.43 1.32 0.93 0.17 
0.75 0.25 66.18 56.96 56.76 1.06 0.87 0.30 
0.50 0.50 64.40 55.63 55.07 0.98 0.81 0.31 
0.25 0.75 62.16 53.74 52.95 0.88 0.74 0.35 
0.10 0.90 61.36 51.61 52.20 0.80 0.75 0.38 
0 1.0 57.07 47.34 48.15 0.78 0.50 0.41 
water DMSO       
1.0 0 70.08 nd 60.43 1.32 0.93 0.17 
0.75 0.25 63.96 54.36 54.66 1.17 0.65 0.54 
0.50 0.50 59.94 49.90 50.86 1.08 0.47 0.65 
0.25 0.75 57.07 47.34 48.15 1.04 0.32 0.69 
0.10 0.90 55.63 45.97 46.79 1.02 0.25 0.71 
0 1.0 54.15 45.24 45.40 1.00 0.17 0.74 
a Data was normalized with 0 (for cyclohexane) and 1.0 (for DMSO); b Not detected.  
 
The change in molar transition energies and KAT parameters of binary mixtures of EAN and PAN with 
water, methanol, acetonitrile and DMSO are provided in Table 6.2 and Table 6.3, respectively. It is 
known that the overall polarities of primary and secondary alkylammonium ILs resemble those of 
water and simple alcohols with ET(30) values ranging from 57.0 to 62.0 kcal/mol1, 51, 81-82 whereas 
those of tetraalkylammonium salts are below 52 kcal/mol41, 83. Here, the polarities of neat EAN and 
PAN were found to be similar to those of water and short chain alcohols like methanol and ethanol 
with KAT parameters higher than those of alcohols showing a good accordance with the reported 
literature values1, 51, 81. Upon mixing with other solvents, different behaviour was observed in the 
change in solvation parameters compared to the corresponding aqueous mixtures with greater 
deviations from ideal solvation behaviour. In general, ET, π* and α values of binary mixtures of both 
EAN and PAN with other solvents appeared to be decreasing with increasing molar fractions of added 
solvent whereas β values were increasing depending on the HBA ability of the added solvent. For 
clarity, and quantification of the deviations upon mixing, each solvation parameter was analysed in 
detail in terms of the preferential solvation behavior and is discussed in the following sections.  
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Table 6.2. Solvation parameters for binary mixtures of EAN with water, methanol,                                 
acetonitrile, and DMSO 
Mole fractions 
ET (33) 
(kcal/mol) 
(±0.02) 
ET (30) 
(kcal/mol) 
(±0.02) 
ET (30)calc 
(kcal/mol) 
(±0.02) 
π* 
(±0.02)a 
α 
(±0.04) 
β 
(±0.04) 
EAN water       
1.0 0 70.08 61.75 60.43 1.08 1.09 0.55 
0.75 0.25 70.25 61.75 60.60 1.11 1.08 0.51 
0.50 0.50 70.42 61.89 60.76 1.15 1.06 0.47 
0.25 0.75 70.95 62.16 61.25 1.26 1.02 0.37 
0.10 0.90 71.30 ndb 61.59 1.35 0.98 0.22 
0 1.0 70.08 nd 60.43 1.32 0.93 0.17 
EAN methanol       
1.0 0 70.08 61.75 60.43 1.08 1.09 0.55 
0.75 0.25 69.74 61.62 60.11 1.06 1.08 0.53 
0.50 0.50 69.40 61.62 59.79 1.02 1.09 0.52 
0.25 0.75 69.06 61.36 59.48 0.96 1.11 0.49 
0.10 0.90 68.56 61.36 59.01 0.86 1.15 0.52 
0 1.0 64.83 55.52 55.48 0.68 1.04 0.60 
EAN acetonitrile       
1.0 0 70.08 61.75 60.43 1.08 1.09 0.55 
0.75 0.25 69.74 61.75 60.11 1.06 1.08 0.50 
0.50 0.50 69.23 61.75 59.63 1.02 1.08 0.47 
0.25 0.75 68.90 61.62 59.32 0.92 1.13 0.41 
0.10 0.90 68.40 60.83 58.85 0.82 1.16 0.41 
0 1.0 57.07 47.34 48.15 0.78 0.50 0.41 
EAN DMSO       
1.0 0 70.08 61.75 60.43 1.08 1.09 0.55 
0.75 0.25 69.23 61.75 59.63 1.04 1.07 0.57 
0.50 0.50 68.56 61.36 59.01 1.04 1.02 0.60 
0.25 0.75 65.43 58.71 56.04 1.04 0.83 0.67 
0.10 0.90 62.98 54.98 53.73 1.02 0.70 0.71 
0 1.0 54.15 45.24 45.40 1.00 0.17 0.74 
a Data was normalized with 0 (for cyclohexane) and 1.0 (for DMSO); bNot detected  
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Table 6.3. Solvation parameters for binary mixtures of PAN with water, methanol,                           
acetonitrile, and DMSO 
Mole fractions 
ET (33) 
(kcal/mol) 
(±0.02) 
ET (30) 
(kcal/mol) 
(±0.02) 
ET (30)calc 
(kcal/mol) 
(±0.02) 
π* 
(±0.02)a 
α 
(±0.04) 
β 
(±0.04) 
PAN water       
1.0 0 69.57 61.36 59.95 1.04 1.09 0.55 
0.75 0.25 69.06 61.22 59.48 1.04 1.06 0.57 
0.50 0.50 69.23 61.22 59.63 1.10 1.03 0.53 
0.25 0.75 69.40 61.36 59.79 1.19 0.97 0.48 
0.10 0.90 70.25 47.81 60.60 1.33 0.93 0.31 
0 1.0 70.08 ndb 60.43 1.32 0.93 0.17 
PAN methanol       
1.0 0 69.57 61.36 59.95 1.04 1.09 0.55 
0.75 0.25 68.90 61.22 59.32 0.98 1.08 0.57 
0.50 0.50 68.90 61.22 59.32 0.98 1.08 0.54 
0.25 0.75 68.73 61.22 59.16 0.96 1.09 0.49 
0.10 0.90 68.24 60.96 58.70 0.82 1.15 0.54 
0 1.0 64.83 55.52 55.48 0.68 1.04 0.60 
PAN acetonitrile       
1.0 0 69.57 61.36 59.95 1.04 1.09 0.55 
0.75 0.25 68.90 61.22 59.32 1.02 1.06 0.55 
0.50 0.50 68.90 61.22 59.32 1.00 1.07 0.49 
0.25 0.75 68.56 61.22 59.01 0.90 1.12 0.40 
0.10 0.90 68.08 61.75 58.54 0.80 1.16 0.46 
0 1.0 57.07 47.34 48.15 0.78 0.50 0.41 
PAN DMSO       
1.0 0 69.57 61.36 59.95 1.04 1.09 0.55 
0.75 0.25 68.90 61.36 59.32 1.02 1.06 0.57 
0.50 0.50 68.24 60.96 58.70 1.02 1.02 0.62 
0.25 0.75 65.13 58.35 55.76 1.00 0.84 0.71 
0.10 0.90 62.70 54.36 53.47 1.00 0.69 0.74 
0 1.0 54.15 45.24 45.40 1.00 0.17 0.74 
a Data was normalized with 0 (for cyclohexane) and 1.0 (for DMSO); bNot detected. 
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6.4.1.1 ET scale for binary mixtures of water 
Using the given data in Table 6.1 and Equation 6.6, the change in ET(30) values of binary mixtures of 
water with methanol, acetonitrile and DMSO are plotted in Figure 6.2 along with the corresponding 
ideal trend estimated by assuming the case of ideal solvation. By the nature of zwitterionic RD30, it 
measures the dipole-dipole, dipole-induced dipole and dispersion interactions and hence, 
dipolarity/polarizability. With a substantial negative charge on the phenolate oxygen, HBA center of 
RD30, it is also sensitive to interactions with Bronsted acids (H bonding) and Lewis acids (electron 
pair donor/acceptor bonding)40, 44. From Figure 6.2, the decreasing order of ET(30) values of pure 
solvents can be clearly seen, which was water>methanol>acetonitrile>DMSO and this was also 
consistent with the combinatorial effect of the dipolarity/polarizability and HBD ability of pure 
solvents.   
    
  
 
Figure 6.2. Change in ET(30) values as a function of the mole fraction of added solvent into water                
(A. water-methanol, B. water-acetonitrile, C. water-DMSO). Solid lines are a guide to the eye and the 
dashed lines represent the ideal trend. 
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Upon solvent addition, deviations from ideal solvation behavior for the zwitterionic RD30 are 
observed indicating preferential solvation of RD30 by one component of the mixture due to 
favorable solute -solvent interaction. Figure 6.2 also illustrates that the overall polarity of aqueous 
mixtures strongly depends on the nature of added solvent as well as the mixing ratio; hence, the 
mole fraction of the second component (XB). As it can be seen from Figure 6.2, there are three main 
regions where different solvation behaviour is observed for these mixtures. In water-methanol 
mixtures, the solvation of RD30 took place almost ideally up to a methanol mole fraction of 0.25 
suggesting that the RD30 solvation shell composition is the same as the bulk composition (Figure 
6.2A). This behavior is also observed for water-acetonitrile mixtures in the same compositional range 
with slight variation (Figure 6.2B). However, the binary mixtures of the less polar solvent DMSO show 
remarkably different behaviour in the first compositional region (XB < 0.25) where the dye molecule 
clearly has a preference for DMSO in the mixture (Figure 6.2C). In the second region (0.25 < XB < 0.9), 
water mixtures with DMSO show a different kind of monotonic relationship maintaining the presence 
of the second component higher than water, which was also observed for methanol mixtures to a 
lesser extent. Of all the solvent systems, water-acetonitrile showed a very different behavior in this 
second compositional region. It has been previously reported in many studies, that the microscopic 
structure of water-acetonitrile mixtures are quite different to that of the water-alcohol mixtures and 
it is believed that clustering of methanol molecules is promoted whereas acetonitrile clusters are 
disintegrated in the presence of water40, 55, 61, 84. Therefore, although the overall polarity was less than 
that of pure water, the composition of water in the solvation shell slightly increased. This could also 
happen with the formation of a more polar complex with acetonitrile than pure acetonitrile55, 61, 84. In 
the third region (XB > 0.9), methanol and DMSO obeyed the ideal solution theory more closely, 
however, RD30 showed a preference for acetonitrile. Similar findings were also reported for the 
water-alcohol45, 56, alcohol-alcohol2 (e.g. methanol, ethanol, 2-propanol) and water-DMSO1, 64 
mixtures, indicating these mixtures were forming stable clusters due to the energetically favorable 
interaction between the solvent components in the binary systems. The different clustering 
behaviour of water-acetonitrile mixtures is believed to be due to the C≡N group of acetonitrile acting 
only as a H bond acceptor84. The effect of functional groups of secondary solvents was also discussed 
through the change in characteristic H bonding IR bands of binary solvents, described in following 
sections.  
 
Furthermore, it is apparent that in the given binary systems RD30 has a solvation shell with different 
relative concentrations of both components than present in the bulk. Based on the measured and 
ideal ET(30) values, the excess mole fraction of the second component in the mixtures was estimated 
using Equation 6.6 and plotted with respect to the corresponding bulk compositions in Figure 6.3.  
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Figure 6.3. Estimated excess compositions of added solvent in binary mixtures of water                     
according to the ET scale. Solid lines are a guide to the eye. 
 
The estimated compositions in the solvation shell for aqueous mixtures of organic solvents can be 
clearly seen from Figure 6.3 where the positive values indicate the excess of dye preference towards 
the added solvent and negative values towards the primary solvent, which was water in these cases. 
For instance, when the bulk molar fractions of secondary component were 0.25, mol fractions in the 
solvation shell of RD30 was found to be 0.253 mol for methanol, 0.26 mol for acetonitrile and 0.29 
mol for DMSO. At a higher bulk molar fraction (e.g. 0.75), the presence of methanol and DMSO in the 
local environment of RD30 was higher than the bulk whereas the estimated molar fraction of 
acetonitrile was 0.71.   
 
6.4.1.2 ET scale for binary mixtures of EAN 
The ET(30) values for binary mixtures of EAN with all 4 molecular solvents are plotted as a function of 
mole fraction of the second component in the mixtures in Figure 6.4. For ease of comparison of 
binary systems to each other, the scales of axis were kept the same on each figure. From the initial 
look at the figures, the solvation behaviour of binary mixtures has substantially changed when the 
primary solvent water was replaced with a protic ionic liquid, EAN, although the ET(30) value of EAN 
was found to be the same as water (60.43 kcal/mol) and higher than the other 3 organic solvents. 
This suggests preferential solvation of RD30, which is strongly affected by the ionic and highly 
structured nature of EAN.  
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Figure 6.4. Change in ET(30) values as a function of the mole fraction of added solvent into EAN                 
(A. EAN-water, B. EAN-methanol, C. EAN-acetonitrile, D. EAN-DMSO). Solid lines are a guide to the 
eye and the dashed lines represent the ideal trend. 
 
From Figure 6.4, for almost all cases, the dye showed a preference towards solvation by EAN up to 
the mole fraction of added solvents of 0.5, which is evident from the similarity of ET(30) values to 
pure EAN for this solvent range. Especially for EAN-methanol (Figure 6.4B) and EAN acetonitrile 
(Figure 6.4C) mixtures, adding molecular solvents up to molar fractions of 0.9 did not lead to any 
remarkable change in the polarity of the dye environment compared to pure EAN, with only a slight 
decrease, which indicates EAN-RD30 interactions are stronger than EAN-solvent interactions. 
Contrary to molecular solvents, the contribution of coulombic interactions in stabilization of RD30 in 
presence of EAN seemed to have a remarkable effect in addition to the strong H bond network of 
EAN. Similar solvation behavior was also observed in EAN-DMSO mixtures (Figure 6.4D), where the 
deviation from ideal solvation was found to be less than that occurring in binary mixtures of EAN 
with methanol and acetonitrile. This slight difference could be caused by the higher dipolarity of 
DMSO compared to the other two molecular solvents.  
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There was one unusual solvation behavior observed with EAN-water mixtures, as illustrated in Figure 
6.4A. The calculated ET(30) values were higher than those of pure components at almost all 
compositions and were increasing with the amount of added water increased. This behaviour can be 
observed when there is a synergistic effect, “hyperpolarity” present between two components and 
suggests that the complex formed in the binary has a hardly unbreakable structure with greater 
stabilization ability towards RD3052-53, 62. However, it is known that usually when a HBA and a HBD 
solvent are mixed together, the specific solvent-solvent interactions are favoured through H Bonding 
and result in a new solvent system more polar than the two pure components44, 85. 
 
As mentioned earlier, studies of the solvation behaviour of binary mixtures of alkylammonium cation 
PILs with other solvents are still quite limited and there is only one study reported by Herfort et al., 
which was directly related to the binary systems under investigation in this study1. However, in their 
study, only the change in ET(30) values of several binary mixtures comprising of EAN + 
dimethoxyethane, EAN + tert-butyl alcohol, EAN + methanol, EAN + water, DMSO + water, DMSO + 
EAN, DMSO + tetraethylammonium nitrate (TEAN), DMSO + ethylammonium chloride (EACl) and 
DMSO + tetraalkylammonium chloride (TEACl) have been reported and the other 3 KAT parameters 
(π*, α and β values) have not been reported. The change in ET(30) values for the selected binary 
systems were illustratively constructed by extracting the reported data and the resulting trends are 
given in Figure 6.51. Comparing Figure 6.4 and Figure 6.5, similar trends in ET(30) values of binary 
mixtures of EAN can be clearly seen upon solvent addition.  Clearly, RD30 has preferably been 
solvated by EAN in the binary mixtures with methanol and DMSO. Similar to our findings, Herfort et 
al. have found that the deviation from ideality in EAN-water mixtures were less than those in other 
binary systems. However, they have not reported the occurrence of a synergistic effect possibly due 
to lack of sample points1. 
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Figure 6.5. Change in ET(30) values as a function of the mole fraction of added solvent into EAN. 
(reconstructed using the data extracted from Herfort et al.’s study86).  
 
For EAN-solvent mixtures, the estimated compositions in the solvation shell were also calculated 
based on the degree of deviations from ideality and the resulting excess molar compositions of 
added solvents are plotted in Figure 6.6. It can be seen that RD30 was solvated by EAN up to the 
molar fractions of added solvents of 0.9, in each case. The heterogeneity in mixtures increased in the 
solvent order of water<methanol<acetonitrile<DMSO up to about 0.7 mol of added solvents. At 
higher compositions, DMSO seemed to be mixed with EAN better than acetonitrile.  
 
 
Figure 6.6. Estimated excess compositions of added solvent in binary mixtures of EAN                           
according to the ET scale. Solid lines are a guide to the eye.  
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6.4.1.3 ET scale for binary mixtures of PAN 
To evaluate the effect of modifications in PIL structure on solvation properties, the binary mixtures of 
PAN with the same molecular solvents were also prepared and analysed in an equivalent manner. 
The resulting change in ET(30) values are plotted for each binary system separately in Figure 6.7.   
 
  
   
  
Figure 6.7. Change in ET(30) values as a function of the mole fraction of added solvent into PAN                      
(A. PAN-water, B. PAN-methanol, C. PAN-acetonitrile, D. PAN-DMSO). Solid lines are a guide to the 
eye and the dashed lines represent the ideal trend. 
 
In PAN-solvent mixtures, the results are in proximity to those of EAN mixtures with almost similar 
trends observed. A small increase in the alkyl chain length of the PIL cation seemed to have a 
negligible effect on the solvation behavior of binary mixtures. This only resulted in a small decrease 
in the stabilization of RD30, which is regarded as strongly cation sensitive, leading to a lower ET(30) 
value for pure PAN (59.95 kcal/mol) compared to EAN (60.43 kcal/mol). From Figure 6.7A, it is clear 
that the polarity changes in PAN-water mixtures are slightly different than those of EAN with 
negative deviation from ideality. There was no synergistic effect observed in PAN-water mixtures.  
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Figure 6.8. Estimated excess compositions of added solvent in binary mixtures of PAN                             
according to the ET scale. Solid lines are a guide to the eye. 
 
In addition, the similarities in the estimated excess compositions of added solvents in the solvation 
shell to those in EAN mixtures were evident from a comparison of Figure 6.6 and Figure 6.8. This 
indicates again the RD30 was more dominantly solvated by the PAN except for the aqueous mixtures, 
where the dye molecule was found to be surrounded by slightly higher relative amount of water to 
the bulk composition.      
 
6.4.2 π* values 
Dipolarity/polarizability, π* is a measure of dipole-dipole, dipole induced dipole and dispersive forces, 
and also ion-ion interactions in the case of ILs39, 86. Based on the solvatochromic shift of a non-H 
bonding dye molecule, which was DE4A in this study, it is possible to estimate the dipolar, polarizable 
nature of the cybotactic environment and hence, the compositions in the solvation shell. Using the 
simplified KAT equation given as Equation 6.2, the dipolarity/polarizability, π* values of binary 
mixtures of water, EAN and PAN with molecular solvents were first calculated using the data given in 
Tables 1 to 3, respectively. Both PILs are found to be highly dipolar and polarizable with π* values of 
1.08 and 1.04 for EAN and PAN, respectively. When compared to the molecular solvents, they were 
found to be less dipolar than water (π*=1.32) but greater than DMSO, acetonitrile and methanol 
having π* values of 1.00, 0.78 and 0.68, respectively and showed a great consistency with the 
reported literature values56, 79, 87. Poole et al. have also indicated that alkylammonium ILs with nitrate 
and thiocyanate anions are more dipolar/polarizable than DMSO and water and other class of ILs82. 
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The change in π* values upon mixing is discussed in more detail based on the excess estimated 
compositions since it appears to be a good way of visualizing of trends. The calculated and ideal π* 
values of binary mixtures of water, EAN and PAN with organic solvents are also provided in Figures S3 
to S5 in the ESI, respectively. Figure 6.9 shows the estimated compositions of components in binary 
systems and hence, the favorable or unfavourable interactions between the solvents and DE4A in 
regard to their solvation capacities.  
 
  
 
 
Figure 6.9. Estimated excess compositions of added solvent in binary mixtures of                                               
A. water B. EAN and C. PAN according to the π* scale. Solid lines are a guide to the eye. 
 
In aqueous mixtures (Figure 6.9A), π* values decrease with increasing concentration of secondary 
component. Negative deviations from ideality are observed in water-acetonitrile and water-DMSO 
mixtures indicating dye preference towards the added solvents, which can clearly be seen from the 
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positive excess compositions given in Figure 6.9A. When the bulk concentration of acetonitrile was 
0.25, its local composition in the solvation shell is found to be 0.41 and upon further addition, 
compositions in solvation shell have changed more ideally. A similar trend was observed in water-
DMSO mixtures and the largest deviation in molar compositions of DMSO was 0.08 when its bulk 
composition was 0.5. On the other hand, water-methanol mixtures exhibit a positive deviation from 
ideality leading to a decrease in the local composition of methanol. Consequently, DE4A is 
dominantly solvated by acetonitrile and DMSO in the presence of water but prefers water in aqueous 
methanol mixtures.     
 
The π* values in binary mixtures of EAN and PAN with molecular solvents varied in a different 
manner. Deviations from ideality are also observed in these mixtures with a generally stronger 
dependence on the dipolarity/polarizability of the added solvent. In EAN-methanol and EAN-
acetonitrile mixtures, positive deviations from ideal solvation behaviour are observed leading to 
lower local compositions of added solvent in the cybotactic environment than the bulk compositions 
with largest deviations in the case of methanol, as given in Figure 6.9B. This clearly indicates the dye 
preference towards EAN compared to methanol or acetonitrile and EAN forms strong clusters 
surrounding the dye molecule due to its greater dipolarity/polarizability value. From Figure 6.9B, it 
can also be seen that the dipolarity/polarizability of EAN-DMSO mixtures almost show an ideal 
solvation behaviour due to the π* values of both solvents being close to each other so that they can 
be present homogenously in the local environment of DE4A. In EAN-water mixtures, DE4A seems to 
be slightly better solvated by water as water is the highest dipolar solvent. However, at very high 
molar fractions of water (0.9), a small synergistic effect is seen, and this suggests that adding a small 
amount of EAN onto water can make the solvent more dipolar and polarizable.        
 
Figure 6.9C shows the change of composition in the cybotactic environment for binary mixtures of 
PAN with the molecular solvents. In general, the trends of compositional change in binary mixtures of 
PAN were very similar to those of EAN with molecular solvents. As the π* values of pure PAN and 
DMSO were close to each other (1.04 and 1.0, respectively), there was no significant change in 
dipolarity/polarizability and also in the local compositions over the entire compositional range. 
Similar to that observed in EAN mixtures, the molar fractions of water were found to be slightly 
higher in the solvation shell than the bulk compositions with again a small synergism occurring at a 
very high molar fraction of water. In the case of methanol and acetonitrile mixtures with PAN, DE4A 
showed preference towards the ionic liquid.         
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6.4.3 α values 
The H bond donating ability or HBD acidity (α) of an IL to a dye is the ability of the IL cation to act as a 
H bond donor in the cybotactic environment of the dye and it is reduced by the ability of the IL anion 
acting as a H bond acceptor39. By the simplified KAT equation (Equation 6.4), HBD acidity (α) values 
were calculated as a function of ET(30) and π* values, in other words by subtracting the dipole-dipole 
dispersion interactions from the overall specific and non-specific interactions. The decreasing order 
of HBD acidity of the solvents used in this study is found to be EAN (1.091) > PAN (1.086) > methanol 
(1.04) > water (0.93) > acetonitrile (0.50) > DMSO (0.17) and the results are in good accordance to 
those reported in the literature for molecular solvents and PILs43, 80, 82-83, 87. 
 
 
 
 
Figure 6.10. Estimated excess compositions of added solvent in binary mixtures of                                             
A. water B. EAN and C. PAN according to the α scale. Solid lines are a guide to the eye. 
 
Figure 6.10 shows the trends for estimated excess mole fraction of added solvents calculated based 
on the α values with respect to their bulk composition in the binary mixtures. The experimental and 
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ideal α values of binary mixtures of water, EAN and PAN with organic solvents are given in Figures S6 
- S8 in the ESI, respectively.    
 
In the aqueous binary mixtures, none of the solvent systems show a synergistic effect. The presence 
of preferential solvation is however evident from the deviations from ideal behaviour. Although the 
HBD acidity of pure methanol is found to be higher than that of pure water, HBD acidity in water-
methanol mixtures is predominantly governed by water due to the stronger interactions of water 
with both RD30 and DE4A, from which the ET(30) and π* values are obtained. This leads to decrease 
in methanol concentration in the solvation shell indicating dye preference towards water, as it also 
seen from the negative excess molar fractions displayed in Figure 6.10A. Similar results were 
obtained in water-acetonitrile mixtures with greater deviations from ideality at almost all bulk 
concentrations of acetonitrile. A continuous decrease in the acetonitrile concentration in the 
solvation shell up to the bulk molar fraction of 0.9 is obvious in Figure 6.10A, indicating again 
interactions between RD30 and DE4A are stronger with water than acetonitrile. The HBD acidity in 
water-DMSO mixtures decreases significantly even at low molar fractions of second component. 
Clearly demonstrating the largest deviations from ideality occurs when water is mixed with DMSO 
(Figure 6.10A). Since the α value of pure DMSO is the lowest among the solvents used but it is also 
highly dipolar, HBD acidity was affected by the contributions arising from dipole-dipole and 
dispersion interactions.    
 
In PIL-solvent mixtures, as seen from Figures 6.10B and 6.10C, increasing alkyl chain length on the PIL 
cation seems to have only a very small decreasing effect on HBD ability as well as the polarizability 
and molar transition energies for the pure components, however, it did not lead to a remarkable 
change in trends in binary mixtures. Figures 6.10B and 6.10C also show that there is no significant 
change in compositions in the case of adding amphiprotic solvents (water and methanol) into either 
EAN or PAN resulting in their binary mixtures almost behaving ideally in terms of the HBD acidity. 
Mixing EAN and PAN with an aprotic solvent with low HBD acidity like acetonitrile and DMSO leads to 
greater deviations from ideal solvation behavior. From Figures 6.10B and 6.10C, it is clear that the 
HBD acidity of these binary mixtures is controlled by the PILs and remains almost unchanged up to 
0.5 mol of DMSO and 0.9 mol of acetonitrile. 
 
6.4.4 β values 
Similar to HBD acidity, the H bond accepting ability or HBA basicity (β) of an IL is the ability of the IL 
anion to act as a H bond acceptor from the dye, which is again reduced by the ability of the IL cation 
acting as HBD39. Using Equation 6.5, HBA basicity (β) values were calculated based on the 
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solvatochromic shifts of two homomorphic dyes, DE4A and 4NA where only the latter can act as HBD. 
In general, it is known that HBD and HBA abilities are inversely related to each other; however, in this 
study, the decreasing order of HBA basicity of pure solvents was found to be DMSO (0.74) > 
methanol (0.60) > EAN = PAN (0.55) > acetonitrile (0.41) > water (0.17). The results are in good 
agreement with those reported in the literature for molecular solvents and PILs43, 80, 82-83, 87. 
 
  
 
 
Figure 6.11. Estimated excess compositions of added solvent in binary mixtures of                                           
A. water B. EAN and C. PAN according to the β scale. Solid lines are a guide to the eye. 
 
Figure 6.11 shows the trends for estimated excess mol fraction of added solvents with respect to 
their bulk compositions in the binary mixtures. The calculated and ideal β values of binary mixtures 
of water, EAN and PAN with organic solvents are also given in Figures S9 - S11 in the ESI, respectively. 
As water has the lowest β value of all solvents used in this study, an increase in HBA basicity was 
observed upon mixing with positive deviations from ideality in all aqueous binary mixtures. This is 
reflected in positive deviations in excess molar fractions as seen in Figure 6.11A. Apparently, DMSO 
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interacted with DE4A more strongly than 4NA leading to the largest deviations and the greatest dye 
preference. In water-acetonitrile and water-methanol mixtures, both dyes seem to be interacting 
with the added solvents in a similar manner up to the molar fractions of 0.7 (Figure 6.11A). However, 
at higher concentrations of acetonitrile and methanol, the binary of acetonitrile shows almost an 
ideal behaviour whereas in the presence of high methanol content, dye preferences change towards 
water.          
 
From Figures 6.11B and 6.11C, a different behaviour in binary mixtures of both EAN and PAN with 
molecular solvents can be seen with respect to the β values. This is due to the HBA basicity of pure 
EAN and PAN being the same and higher than that of water. Addition of acetonitrile or DMSO into 
either EAN or PAN shows almost an ideal behaviour at all compositions. In PIL-methanol mixtures, 
ideality remained unchanged up to the methanol molar fraction of 0.5, then deviated negatively 
upon further addition indicating the stronger dye preferences towards EAN and PAN (Figures 6.11B 
and 6.11C). The largest compositional change in terms of HBA basicity is observed in PIL-water 
mixtures. Increasing bulk molar fraction of water up to 0.75 leads to a small decrease in HBA 
basicities in binary mixtures and consequently, both dyes are preferably solvated by PILs. At higher 
water concentrations, β values decrease suddenly approaching to that of pure water.     
 
6.4.5 Polarity determination based on fluorescence 
Reichardt C. has previously reported that in some cases, the positive solvatochromic fluorescence 
bands are more sensitive to the overall polarity changes of solvents than the corresponding 
absorption bands44 and to this end, several fluorescent probes have been used by researchers in 
determination of solvation properties and understanding of molecular interactions in binary 
systems42, 48-49, 52, 67, 82. For this reason, we also investigated the solvation behaviour of all 66 binary 
mixtures through the use of fluorescent dyes. Nile Red (NR), a coumarin laser dye (C153) and a 
neutral polycyclic aromatic hydrocarbon pyrene (Pyr) were selected to study the solvent induced 
polarity change in binary mixtures due to their ability to work in broad wavenumber scales and high 
sensitivity to even small changes in polarity.   
 
For NR and C153 dyes, the results are discussed in terms of the intermolecular charge transfer band 
shifts based on emission maxima to understand that dye-solvent interactions at the excited state. 
However, changes in excitation maxima are also provided in Figures S1 and S2 in the ESI, 
respectively. The higher emission maxima indicate the higher polarity for solvents. For Pyr, polarity of 
solvents is attributed to the intensity ratio of the first (II) and the third (IIII) vibronic fluorescence 
bands, where the higher ratio corresponds to the higher polarity.  
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6.4.5.1 Nile Red (NR) 
Of all 3 fluorescent dyes, the polarity responses of NR were first tested in all 66 solvent 
environments. Figure 6.12 shows the change in emission maxima in binary mixtures of water, EAN 
and PAN with other molecular solvents separately. The decreasing order of polarities for pure 
solvents is water (666 nm) > EAN (647 nm) > PAN (645 nm) > methanol (635 nm) > DMSO (628 nm) > 
acetonitrile (619 nm) showing a great consistency with those reported for molecular solvents by 
Fletcher et al48. The relative polarity order obtained based on the RD30 was slightly different than 
that based on NR where acetonitrile and DMSO were found to be in reverse order. This could be 
caused by higher affinity of NR to more dipolar/polarizable solvents82 and hence, it shows a stronger 
interaction with DMSO than acetonitrile.  
 
  
 
 
Figure 6.12. Change in λem of NR in A. mixtures of water, B. mixtures of EAN and C. mixtures of PAN. 
Solid lines are a guide to the eye. 
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The presence of preferential solvation is evident in all aqueous mixtures from the sudden decrease in 
emission maxima upon addition of 0.25 mol of secondary solvents and in all cases, NR seems to be 
preferably solvated by added solvent (Figure 6.12A). Upon further addition, the compositions in the 
solvation shell changed almost ideally. Synergism was not observed in any of the aqueous mixtures. 
In this regard, the polarity responses of NR in aqueous mixtures seem to be quite similar to those 
obtained based on RD30 as given in Figure 6.2.  
 
Figures 6.12B and 6.12C show the changes in emission maxima of NR in binary mixtures of EAN and 
PAN with molecular solvents, respectively. The trends with both PILs appear to be reminiscent of 
each other suggesting increasing alkyl chain length on the PIL cation has no significant effect on the 
polarity responses of binary mixtures based on NR. It is apparent that the dye preferred to be 
solvated by PILs upon addition of methanol, acetonitrile and DMSO at almost all compositions. 
Although the PIL preference of dye was also observed in PIL-water mixtures up to 0.5 mol of water 
present, the NR-water interactions are slightly stronger in the presence of higher water 
concentrations. 
 
6.4.5.2 Coumarin 153 (C153) 
The scarcely water soluble and low dipolar fluorescent compound C153 with dipole moment of 6.55 
D at ground state88, is known to be more sensitive to probing more hydrophobic solvents or regions 
in mixtures compared to NR with dipole moment of 8.2 D89. We tested polarity responses of C153 in 
all 66 binary mixtures and the trends are given in Figure 6.13. In the pure solvents, the overall 
polarity is found to decrease in the following order: water (548 nm) > EAN = PAN (544 nm) > 
methanol (533 nm) > DMSO (528 nm) > acetonitrile (520 nm), which was exactly the same order of 
response as obtained with NR and also shows a good agreement with the corresponding literature 
values67-68, 90. Moreover, the relative ordering is similar to the molar transition energies calculated 
based on RD30, as discussed previously. The trends of the polarity responses upon mixing can also be 
seen from Figure 6.13 as shown separately for binary mixtures of water, EAN and PAN with molecular 
solvents.      
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Figure 6.13. Change in λem of C153 in A. mixtures of water, B. mixtures of EAN and                                                
C. mixtures of PAN. Solid lines are a guide to the eye. 
 
The polarity responses of C153 in aqueous mixtures (Figure 6.13A) show a decreasing trend upon 
mixing with acetonitrile and DMSO at all compositions with closeness to ideality more than those 
observed based on NR. In water-methanol mixtures, solvation of C153 is initially dominated by water 
up to 0.25 mol of methanol present, then the dye shows a preference towards methanol with 
potentially higher methanol compositions in the solvation shell than the bulk concentration suggests.   
 
With all other dyes used in this study, the solvation behavior in binary mixtures of EAN and PAN with 
molecular solvents is found to be similar to each other. With C153 dye, there is an obvious difference 
in behavior. In EAN-solvent mixtures (Figure 6.13B), a synergistic effect was observed upon addition 
of 0.25 mol of molecular solvent, except for EAN-water mixtures. Upon further addition of molecular 
solvent, the overall polarity of mixtures decreases almost linearly in EAN-methanol and EAN-DMSO 
mixtures whereas the decrease in EAN-acetonitrile mixtures is smaller and the synergistic complex 
515
520
525
530
535
540
545
550
555
560
0 0.5 1
λm
ax
 e
m
is
si
o
n
(n
m
)
mole fraction of added solvent
A MeOH
ACN
DMSO
515
520
525
530
535
540
545
550
555
560
0 0.2 0.4 0.6 0.8 1
λm
ax
 e
m
is
si
o
n
(n
m
)
mole fraction of added solvent
B
water
MeOH
ACN
DMSO
515
520
525
530
535
540
545
550
555
560
0 0.5 1
λm
ax
 e
m
is
si
o
n
(n
m
)
mole fraction of added solvent
C
water
MeOH
ACN
DMSO
 172 
 
between EAN and acetonitrile surrounding the dye molecule is retained up to high dilutions. From 
Figure 6.13B, the synergistic complex formation can also be seen in EAN-water mixtures, which is 
also retained up to a water mole fraction of 0.75, then the polarity of the mixture decreases. 
Although the polarity values of pure EAN and PAN were close to each other, the increasing alkyl chain 
length has a remarkable effect on polarity upon mixing the IL with molecular solvents. Due to the 
high sensitivity of C153 to hydrophobic domains and hence, the size of PIL cation, increasing the alkyl 
chain length possibly affects the orientation of solvent molecules around the dye preventing the 
inclusion of added solvent into the solvation shell. As shown in Figure 6.13C, this leads to a 
significantly different behaviour around the solvation shell with a strong dye preference towards PAN 
over the entire composition range.          
 
6.4.5.3 Pyrene (Pyr) 
Using a neutral fluorescent compound Pyrene as an alternative to the solvatochromic non-H bonding 
dye DE4A50, the dipolarities and polarizabilities of binary mixtures were investigated to reveal the 
effects of the nature of probe molecule. The key advantages of using this probe is that it can 
eliminate or minimize the possibility of any probe-probe interactions that may occur in any other 
cases as well as it allows us to make direct comparison with the responses obtained in the π* scale. 
The decreasing order of dipolarity for pure components based on Pyr is found to be DMSO(1.22) > 
EAN(1.15) > acetonitrile ≈ PAN(1.02) > water(0.92) > methanol(0.86) and the relative ordering shows 
good accord with the literature values, where pyrene was used as probe molecule across various 
solvents48, 52, 82. When compared to the values obtained in the π* scale, responses based on Pyrene 
show a greater sensitivity to solvent change than those based on DE4A.  
 
The relative dipolarity changes in binary mixtures of water, EAN and PAN with molecular solvents 
based on Pyr were also obtained. In Figure 6.14A, the variation of the dipolarity response of Pyrene 
upon addition of DMSO, acetonitrile and methanol onto water is given. It can be clearly seen that 
mixing water with even 0.25 mol of solvent leads to a significant increase in dipolarity with respect to 
pyrene solvation. In water-DMSO and water-acetonitrile mixtures, further addition of solvent did not 
show any substantial increase or decrease, and the dipolarity of mixtures almost remained constant 
with a slight synergism observed in the presence of acetonitrile. A larger synergistic effect is 
observed in water-methanol mixtures where 0.25 mol of methanol was present in the mixture 
(Figure 6.14A). In all cases, pyrene showed a greater preference towards the added molecular 
solvents than primary solvent; water with DMSO was the highest and methanol was the lowest.     
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Figure 6.14.  Change in II/IIII fluorescence band intensity ratio of Pyr in A. mixtures of water,                            
B. mixtures of EAN and C. mixtures of PAN. Solid lines are a guide to the eye. 
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water mixtures increases with an obvious synergism similar to that observed in water-methanol 
mixtures in the presence of 0.25 mol of methanol.  
 
6.4.6 Intermolecular interactions/H Bonding in binary mixtures through vibrational spectroscopy 
It is known that vibrational spectroscopy may be diagnostic for structural features such as nanoscale 
segregation, solvent properties and intermolecular interactions71. To this end, all 66 binary mixtures 
in the absence of probe molecules were analysed through vibrational spectroscopy in the IR 
frequency range of 4000 to 400 cm-1. The IR active vibrational modes and the corresponding 
frequencies are given in Table 6.4 for all pure solvents used in this study and showed good 
agreement with the reported literature values for molecular solvents69, 91-96 and PILs5, 97-98. 
 
Table 6.4. Characteristic vibrational modes and wavenumbers (v) for solvents 
 
IR modesa 
Wavenumber (cm-1), (v ± 0.5 cm-1) 
water methanol acetonitrile DMSO EAN PAN 
v(O-H) 3231 3305     
v(N-H)     3062 3060 
v(C-H)  2940 - 2830 3000 - 2945 2995 - 2913 2985-2946 2967-2937-2883 
v(C≡N)   2253    
δ(O-H) 1634 1654     
δ(N-H)     1618 1618 
ω(N-H)     1515 1518 
τ(CH3)   1442-1375 1436-1407-1309   
v(NO3), as     1291 1287 
ρ(C-H)/ρ(CH3)   1038 1017-952-929-896 1216-1190 1186-1157 
v(S=O)    1042-1017   
v(NO3), s     1040 1038 
v(C-O)  1020     
v(C-C)   918  
977 990-953 δ(NH3)     
δ(C-N)     
v(C-N), s     871 865 
ω(NO3), op     825 825 
ρ(NH3)     793 752 
δ(C-C≡N)   748    
ρ(NO3), ip     718 718 
v(C-S-C), as    697   
v(C-S-C), s    667   
ω(CH3)     411 450 
a The symbols v, δ, ω, τ and ρ denote stretching, bending, wagging, twisting and rocking modes. The 
asymmetric, symmetric, out-of-plane and in-plane vibrations are abbreviated as “as”, “s”, “op” and 
“ip”, respectively. 
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Although there are number of characteristic vibrational modes given in Table 6.4, only the most 
sensitive ones to the change in solvent environment upon mixing were selected to understand the 
molecular interactions. The full spectra of binary mixtures of water with molecular solvents are 
provided from Figures S12 to S14 in the ESI and those of EAN and PAN are also given from Figures 
S15 to S18 and from Figures S19 to S22, respectively.    
 
In aqueous mixtures, both O-H stretching (v(O-H), 3231 cm-1) and bending (δ(O-H), 1634 cm-1) modes 
are indicative mainly for H bonding upon mixing with molecular solvents. The blue shifts of both O-H 
stretching and bending are remarkable upon addition of methanol and DMSO into water as 
illustrated in Figure 6.15A and Figure 6.15B, respectively. From Figure 6.15A, it can be seen that 
addition of 0.5 mol of solvent to water leads to a blue shift in all cases, which is 19 cm-1 for methanol, 
34 cm-1 for both DMSO and acetonitrile, which indicates H bonding in water-methanol mixtures were 
stronger than those in the others. This was also evident from the O-H bending shifts given in Figure 
6.15B. 
  
 
Figure 6.15. Vibrational band shifts in water-solvent mixtures. A. O-H stretching, B. O-H bending                         
and C. C≡N stretching. Dashed lines are a guide to the eye. 
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No significant O-H bending shift occurs in water-acetonitrile mixtures, but band intensity decreases. 
With respect to the O-H stretching, it is clear that H bonding weakens upon further solvent addition 
in all cases; however, the blue shifting of O-H stretching is the most significant in water-acetonitrile 
mixtures, seen at 3540 cm-1 where water usually exists as free water molecules69, 95 (Figure 6.15A). 
This suggests a high degree of acetonitrile clustering is present in water-acetonitrile mixtures, as also 
observed from the results obtained with solvatochromic probes. Additionally, the change in C≡N 
stretching band of acetonitrile is shown in Figure 6.15C, confirming the weakening of interactions 
upon mixing. Similar behavior was observed by Catalan et al. through theoretical calculations61. 
Functional group analysis has also been done for water-DMSO mixtures with respect to S=O and C-S-
C, asymmetric stretching modes. The S=O stretching at 1042 cm-1 appeared in the spectra where the 
mol fraction of DMSO was at or above 0.75. No band shift is observed for this band, but the intensity 
increased with increasing DMSO concentration. On the other hand, the asymmetric C-S-C stretching 
appeared at 706 cm-1 even in presence of 0.25 mol DMSO and red-shifted by 9 cm-1 as the DMSO 
concentration was increased to 1.0.   
 
As listed in Table 6.4, the characteristic vibrational IR bands of neat EAN and PAN are similar to each 
other. For this reason, as well as the results obtained by solvatochromic comparison method 
suggested, the effect of mixing PILs with other solvents on the IR bands is expected to be similar to 
each other. From the full spectra of EAN and PAN mixtures given in Figures S15 to S18 and Figures 
S19 to S22 in the ESI, respectively, the similarities of vibrations observed in EAN and PAN mixtures 
with other solvents can be clearly seen. In general, the H bonding in pure ILs and also their mixtures 
have been studied with respect to N-H stretching and C-H stretching vibrations, which appear on the 
spectra as a broad band in the region of 3300 – 2800 cm-1 71, 99-102. However, this region seems to be 
more indicative for analysing interactions in the presence of imidazolium cations than 
alkylammonium cations. On the spectra of EAN and PAN mixtures, broad bands in the range of 3400 
– 2800 cm-1 can be seen due to the multiple contributions of N-H and C-H stretching modes including 
all possible H bonding, where the maxima of each vibrations are difficult to determine precisely. 
Upon close analysis for each band separately, the intensity of almost all vibrational modes identified 
for both EAN and PAN decreases upon mixing PILs with molecular solvents. The band shifts were 
observed at two different bands, one was the PIL cation related N-H bending at 1618 cm-1 and the 
other was PIL anion related NO3 asymmetric stretching at 1291 cm-1 (EAN) and 1287 cm-1 (PAN). For 
this reason, these two modes were chosen to probe the molecular interactions upon mixing, where 
the former was a medium weak and the latter was a broad and strong band.  
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Figure 6.16A and Figure 6.16B show the change in N-H bending and NO3 asymmetric stretching bands 
in the binary mixtures of EAN with other solvents, respectively. The blue shifts to higher frequencies 
of both bands indicate the weakening of PIL cation-anion interactions and the H bonding network. 
From Figure 6.16A, it can be seen that the interactions between the EAN cation and DMSO increasing 
linearly while decreasing H bonding. This also suggests that the PIL cation interacts more strongly 
with a solvent having high HBA ability like DMSO. EAN-acetonitrile and EAN-methanol mixtures also 
demonstrate a linear blue shift over the entire composition range but to a lesser extent. Addition up 
to 0.75 mol of water led to N-H bending band to be shifted almost linearly from 1618 cm-1 to 1624 
cm-1 whereas in the presence of 0.9 mol of water, there is a notable deviation from linearity. This 
suggests a significant decrease in the cation-anion interactions as well as the H bonding, which are 
greater than those observed upon DMSO addition, but less than those upon methanol and 
acetonitrile addition. Interactions with respect to anion related NO3 asymmetric stretching band 
demonstrate a similar behaviour as shown in Figure 6.16B, where the ion-ion interactions and the H 
bonding in neat EAN are stronger than those in the binary mixtures. The NO3 asymmetric stretching 
band linearly blue shifted from 1291 cm-1 to 1308 cm-1 upon addition of molecular solvents except 
for water. From Figure 6.16B, it is clear that water exhibits the greatest effect on breakdown of the 
interactions of NO3 with its surroundings. The larger shifts with respect to NO3 stretching than N-H 
bending indicates the PIL anion interacts more strongly with the solvent environment than the PIL 
cation.   
 
  
Figure 6.16. Vibrational band shifts in EAN-solvent mixtures. A. N-H bending and                                                        
B. NO3 asymmetric stretching. Dashed lines are a guide to the eye. 
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Figure 6.17. Vibrational band shifts in PAN-solvent mixtures. A. N-H bending and                                          
B. NO3 asymmetric stretching. Dashed lines are a guide to the eye. 
 
The similarities in the IR variations of adding solvents into either EAN or PAN can be clearly seen from 
Figure 6.17. A slight difference is observed in the band shifts of PAN-methanol mixtures and from 
Figure 6.17A, the sensitivity of N-H bending mode to the H bond accepting ability of solvents can be 
seen more clearly up to addition of 0.75 mol of solvents with a decreasing order of DMSO > methanol 
> water ≈ acetonitrile, which conforms very well with the β values discussed previously.     
 
6.5 Discussion 
The mixing of solvents is generally enthalpy associated with the excess enthalpy of mixing equal to 
zero for an ideal binary mixture. In non-ideal systems, the enthalpy of mixing can either have positive 
or negative values showing deviations from ideality as a result of intermolecular interactions. For 
example, water-methanol and water-acetonitrile are two well-known binary systems with negative 
and positive deviations from ideality, respectively84. Non-ideality plays an important role in 
macroscopic and microscopic solvent properties such as polarity, conductivity, density as well as 
liquid nanostructure, and H bonding ability84. There are concepts of clustering, excess volume and 
preferential solvation in binary systems, which have become subjects of experimental and theoretical 
interest64, 103. Several theoretical models have been proposed previously by Marcus et al. to describe 
preferential solvation in mainly mixtures of molecular solvents in terms of the thermodynamic 
properties and the intermolecular interactions46, 104-105. 
 
With the use of solvatochromic indicators, a number of study have been performed to understand 
the solute-solvent and solvent-solvent interactions in multicomponent systems including ionic 
liquids, as this is a suitable and easy method2, 40, 52-53, 56. However, it should be noted that solvent 
1615
1620
1625
1630
1635
1640
1645
0 0.2 0.4 0.6 0.8 1
W
av
en
u
m
b
er
 (
cm
-1
)
mole fraction of added solvent
A water
MeOH
ACN
DMSO
1280
1290
1300
1310
1320
1330
1340
0 0.2 0.4 0.6 0.8 1
W
av
en
u
m
b
er
 (
cm
-1
)
mole fraction of added solvent
B water
MeOH
ACN
DMSO
 179 
 
polarity parameters obtained by means of a particular probe might be different than those obtained 
by other probes or solutes44. This was clearly seen from our results and also from others. However, as 
there is no closely related study previously reported on the solvation behavior of the mixtures of 
alkylammonium cation PILs with molecular solvents, here we have mainly shared the results 
obtained for the mixtures containing another class of ILs and compared them with ours where 
reasonable.    
 
Fletcher et al. have studied the preferential solvation in the binary mixtures of 1-butyl-3-
methylimidazolium hexafluorophosphate (BMIMPF6) with water and ethanol using 4 different probe 
molecules, 3 of which were fluorescent and the other one was Reichardt’s betaine dye (RD30)42. 
Fluorescent probes used in their study were pyrene, 1-pyrenecarboxaldehyde and dipyrenylpropane. 
The extent of preferential solvation of each probe was found to be different from each other. In 
BMIMPF6 – water and BMIMPF6 – ethanol mixtures, pyrene was preferentially solvated by the IL, 
although dipolarity of pure IL was found to be less than that of water and higher than that of 
ethanol42. A similar preferential solvation of pyrene was observed in our EAN-water and EAN-
methanol mixtures as well as in the corresponding binary mixtures of PAN. However, in our case, 
dipolarity of both PILs were higher than those of water and methanol. On the other hand, the other 
two pyrene derived probes used in Fletcher et al.’s study, despite dipyrenylpropane is also a neutral 
probe, exhibited solvation preference towards the molecular solvents42. This clearly suggests not only 
the probe molecule used but also its size has impact on the intermolecular interactions. According to 
our results, EAN and PAN were found to be enriched in the solvation shell even at highest 
concentration of the secondary component in binary mixtures, where the other fluorescent dyes NR 
and C153 were used.  
 
In terms of polarity responses of RD30, Fletcher et al. have reported that the overall polarity (ET 
values) of pure BMIMPF6 was reminiscent of ethanol and lower than that of water. Regarding the 
other 3 KAT parameters (π*, α and β values), the IL was found to be more dipolar than ethanol but 
less than water, whereas H bond accepting and donating abilities were lower than those of water 
and ethanol42. In the binary mixtures of BMIMPF6 – water, RD30 showed no preferential solvation 
and all solvation parameters increased or decreased linearly. In BMIMPF6 – ethanol mixtures, the 
unusual synergistic effect has been reported in terms of the RD30 responses as well as dipolarity and 
H bonding accepting/donating abilities clearly suggested the enrichment of IL in the solvation shell42. 
Using the same probes, they have also studied the preferential solvation in binary mixtures of ILs, 
where binary systems were comprising of BMIMNTf2 - BMIMPF6, EMIMNTf2 - BMIMPF6 and 
EMIMNTf2 - BMIMNTf2. In these IL – IL mixtures, a high degree of synergism and also preferential 
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solvation of almost all probe molecules was observed, especially for the binary systems where ILs 
were combined with different anions49.  
 
Ladesov et al. have investigated the solvation behavior of IL – molecular solvent mixtures 
experimentally and theoretically, where the IL was a BMIM+ cation combined with acetate anion and 
the molecular solvents were water, methanol and DMSO63. They reported that adding molecular 
solvents up to 80 % wt. shows no significant change in solvation parameters of pure BMIMAc 
indicating that the dye molecules, which were RD30, 4NA and 4-nitroanisole (replacing DE4A in our 
study), are preferably solvated by the IL in almost all cases, which is supported by theoretical 
calculations63.      
 
In another work by Ali et al., the ET(30), π* and α values of a hybrid green solvent mixture containing 
PEG-400 and mixed with BMIMNTf2, were obtained based on the same set of probe molecules as 
used in our study. The values were observed to be higher than that predicted by ideal solvation 
behavior with a profound synergistic effect62. They have comparatively investigated the mixtures of 
PEG-400 with molecular solvents, which were methanol, dimethylformamide and benzene, but in 
these mixtures no synergism was observed although the solvation parameters deviated significantly 
from ideality62. 
 
Similar observations have been reported for mixtures of pyridinium based ILs with molecular 
solvents. Using the same set of dye molecules, Khupse et al. have studied the preferential solvation 
in binary mixtures of 1-butylpyridinium tetrafluoroborate ([BP][BF4]), 1-butyl-3-methylpyridinium 
tetrafluoroborate ([3-MBP][BF4]), and 1-butyl-4-methylpyridinium tetrafluoroborate ([4-MBP][BF4]) 
with water, methanol and dichloromethane. Although the ILs used were found to be less polar than 
water and methanol but higher than dichloromethane, the solvation parameters of all mixtures 
showed significant deviations from ideality indicating an enrichment in the solvation shell by ILs 
rather than molecular solvents53. 
 
Using C153, Chakrabarty et al. have investigated the effect of adding solvents, viz., water, methanol 
and acetonitrile, on solvation properties in binary mixtures with HMIMPF6. Similar to our results 
based on C153, they reported the polarity of binary mixtures increased even upon small amount of 
added molecular solvent into IL. The polarity was found to be same as acetonitrile but less than those 
of water and methanol4. In general, in all these studies and ours, it has been clearly stated that the 
use of ILs in a binary mixture has distinctly enhanced the solvation behavior, usually demonstrating 
remarkable deviations from ideality and in some cases, a high degree of synergism was observed.  
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Regarding vibrational spectroscopic analysis in both protic and aprotic ILs including the 
alkylammonium cation class of ILs, Fumino and coworkers have suggested that the far IR spectral 
range is a reasonably better range to probe the H bonding and to determine its strength in neat ILs 
specifically106-109. However, the cation and anion related bands of ILs at higher frequencies were also 
found to be good measures to investigate the molecular interactions and H bonding in IL containing 
mixtures as shown by our results.  
 
6.6 Conclusion 
The solvation behaviour of an extensive number of binary mixtures of EAN and PAN with 4 different 
molecular solvents has been investigated through utilising a solvatochromic comparison 
methodology and also via the use of solvatofluorometric probes for the first time. It was shown that 
there was no linear relationship between any solvation parameters and the bulk molar fractions, 
which indicates the preferential solvation of the dyes used in the study. The extent of preferential 
solvation was found to be strongly dependent on the probe molecule used, however, in most cases 
the solvation capability of neat PILs was found to be as high as those of water and methanol with 
enhanced synergistic effect upon mixing with molecular solvents. The ionic nature of EAN and PAN 
clearly positions them as different from the traditional molecular solvents due to increased 
interactions with solute molecules. Retaining their high solvation capability upon mixing makes ionic 
liquids prospective solvents for some specific applications such as solvent-sensitive processes and 
solvent-induced reactions.   
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CHAPTER 7. Summary and Conclusions 
 
In this thesis, the effect of non-stoichiometry, presence of molecular solvents, and protic ionic liquid 
(PIL) chemical structure on key solvent properties have been investigated for a select range of 
alkylammonium containing PILs in their neat form and in mixtures with other solvents. Structure-
property relationships have been explored.    
 
In Chapter 2, 8 primary alkylammonium cation based PILs combined with nitrate, formate and 
acetate anions were selected. Through a high-throughput design of experiment approach, used in 
sample preparation of non-stoichiometric and aqueous combinations, 26 compositions were selected 
for each acid (PIL anion) – base (PIL cation) – water system, leading to a total of 208 solvent 
compositions with varying water and acid-base ratios. Each solvent combination was characterised 
through surface tension, apparent pH and liquid nanostructure measurements, as these properties 
are directly relevant for quantifying the likelihood of solvents for promoting amphiphile self-
assembly. Results clearly showed that the surface tension, apparent pH and liquid nanostructure 
were affected by the change in solvent composition, as well as by the chemical structures of the PIL 
cation and anion. The general trends for the chosen solvent properties upon varying water content 
and non-stoichiometry, along with the chemical structures of precursor acids and bases, were 
obtained. Moreover, the important benefits from employing high-throughput methodologies in the 
identification and optimization of key properties of PIL containing complex solvent systems, which 
possess an enormous number of potential combinations, were shown. 
 
In addition to the general trends for solvent properties obtained in Chapter 2, the individual 
contribution of each variables, such as water content, acid-base ratio, number of carbon atoms on 
either PIL cation or PIL anion and the hydroxyl group functionalization was studied in Chapter 3. For 
this purpose, the experimental data gathered in Chapter 2 was processed with a machine learning 
algorithm. Through linear and non-linear regression analysis, detailed structure-property 
relationships were developed for the solvent properties of surface tension and liquid nanostructure. 
Furthermore, based on the linear and non-linear models, 3D response-surface methodology was also 
applied in order to predict the solvent properties of random samples within the entire compositional 
range used in this study, and the predicted values showed good agreement with the experimental 
values. To the best of our knowledge, this was the first-time machine learning models have been 
utilized for developing models enabling design and optimization of desired properties for 
multicomponent solvent systems including alkylammonium PILs.  
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In Chapter 4, an application area for PIL containing multi-component solvent systems, the lyotropic 
liquid crystal phase (LLCP) formation and behaviour of a well-characterized cationic surfactant, CTAB, 
was explored in the solvents designed by the high-throughput method in Chapter 2 through cross-
polarised optical microscopy and SAXS/WAXS analysis. In addition to the solvent composition, the 
effect of amphiphile concentration and temperature was also investigated for the existence of 
phases and their thermal stability. In general, a normal phase transition sequence from micellar to 
hexagonal to cubic to lamellar as a function of CTAB concentration and also temperature was 
observed. The effect of excess precursor amines and acid, as well as water, on the lattice parameters 
of LLCPs was measured. A broad composition region was identified where the LLCPs were supported 
in these aqueous and non-stoichiometric PIL containing solvents and it was shown that the self-
organization behavior of a cationic amphiphile can be tuned through modifications of solvophobicity 
and ionicity of the solvent environment.  
 
In Chapter 5 and Chapter 6, the solvation capacities of PILs and binary mixtures of PIL with molecular 
solvents were respectively elaborated. In Chapter 5, a selection of 12 alkylammonium cation 
containing PILs combined with nitrate, formate and acetate anions along with 9 different traditional 
molecular solvents with varying polarities were comparatively investigated in terms of their solvation 
properties such as polarity and H bonding ability through Kamlet, Abboud and Taft (KAT) Linear 
Solvation Energy Relationships (LSER). With careful selection of 11 solvatochromic and 3 fluorescent 
probe molecules, the effect of the solute molecule used as well as the variations on PIL structure on 
solvation properties of PILs were examined and quantified. Certain trends for polarity responses and 
H bonding abilities upon the change in molecular structure were obtained and all results and findings 
were discussed in terms of the favourable and unfavourable molecular interactions taking part in 
determining the solvation properties of neat PILs, as well as of neat molecular solvents. To our 
knowledge, this is the first time that solvation properties of the alkylammonium cation class of PILs 
has been investigated in a systematic way. Through the KAT-LSER approach, in Chapter 6, it was 
demonstrated how the solvation behaviour of PILs were influenced by mixing them with molecular 
solvents. The presence and extent of preferential solvation were investigated in detail in binary 
mixtures of PILs with 4 different molecular solvents. It was concluded that PILs retained their high 
solvation capability upon mixing, which makes them prospective solvents for specific applications 
such as solvent-sensitive processes and solvent-induced reactions.   
 
A future study direction could involve applications of aqueous and non-stoichiometric PIL containing 
solvents in order to gain further understanding of how PIL solvent properties could be optimized for 
targeted applications. For example, investigations on the self-assembly of other types of amphiphiles 
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such as non-ionic and anionic surfactants, lipids, block co-polymers, and proteins in these multi-
component PIL solvents could provide a further insight into manipulating the critical parameters for 
self-assembly in non-aqueous solvents and/or multi-component solvent systems. Moreover, based 
on the solvation studies performed in this research, it has been shown that PILs have remarkably 
high polarity and H bonding abilities, and that these can be retained upon mixing with molecular 
solvents. To this end, detailed solubility studies should be performed in neat and/or PIL containing 
solvents in the future. This could include solubilizing scarcely water-soluble compounds such as 
proteins, peptides and many other bioactive compounds. It is also believed that many of the findings 
of this research would be directly relevant to the other class of ILs, therefore, the data generated in 
the current work could help inform the direction of further studies in the broader IL field.     
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SUPPLEMENTARY INFORMATION 
 
CHAPTER 2 
 
 
 
Figure S1. A) SAXS and B) WAXS patterns of PILs with the formate anion, EAF, BAF and PeAF. 
 
 
 
Figure S2. A) SAXS and B) WAXS patterns of PILs with the nitrate anion, EAN, BAN, PeAN and EOAN. 
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Figure S3. A) SAXS and B) WAXS patterns for the PIL, PeAA with an acetate anion. 
 
 
 
 
Figure S4. PIL-solvent combinations of EAN based samples according to the LHS design methodology. 
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Table S1. Molar ratio of water, acid to base molar ratio, SAXS/WAXS peak positions, surface tension 
and apparent pH of base-rich EAN combinations. 
Base-Rich Samples 
Sample ID 
Molar ratio of 
water (±0.01) 
Acid to base molar 
ratio (±0.01) 
Surface tension 
(mN/m) (± 0.5) 
pH       
(± 0.2) 
q1 (Å-1) 
(± 0.01) 
q2 (Å-1)            
(± 0.001) 
EAN 0.012 1  47.6  - 0.69 1.65 
EAN_1b 0.190 0.916 46.7 9.5a  1.65 
EAN_2b 0.223 0.654 43.8 10.6a  1.82 
EAN_3b 0.429 0.754 46.3 10.4  1.65 
EAN_4b 0.513 0.012 27.8 13.8  1.82 
EAN_5b 0.544 0.303 37.1 11.7  1.65 
EAN_6b 0.661 0.329 39.5 11.6  1.82 
EAN_7b 0.765 0.816 49.0 10.4  1.86 
EAN_8b 0.769 0.537 45.8 11.1  1.85 
EAN_9b 0.823 0.165 41.1 12.1  1.86 
EAN_10b 0.902 0.102 43.6 12.3  1.93 
EAN_11b 0.906 0.408 49.2 11.4  1.93 
EAN_12b 0.911 0.988 46.1 9.2  1.93 
EAN_13b 0.986 0.610 65.5 11.0  2.06 
a Values provided for completeness where the water fractions were less than 0.4 mol.  
 
 
Table S2. Molar ratio of water, acid to base molar ratio, SAXS/WAXS peak positions, surface tension 
and apparent pH of acid-rich EAN combinations. 
Acid-Rich Samples 
Sample ID 
Molar ratio of 
water (±0.01) 
Acid to base molar 
ratio (±0.01) 
Surface tension 
(mN/m) (± 0.5) 
pH       
(± 0.2) 
q1 (Å-1) 
(± 0.01) 
q2 (Å-1)            
(± 0.001) 
EAN 0.012 1  47.6  - 0.69 1.65 
EAN_1a 0.338 1.067 49.7 -0.9a  1.65 
EAN_2a 0.498 1.290 50.8 -1.1  1.80 
EAN_3a 0.529 1.868 51.3 -1.5  1.82 
EAN_4a 0.589 1.594 52.1 -1.3  1.82 
EAN_5a 0.630 1.712 49.9 -1.1  1.83 
EAN_6a 0.686 1.158 54.2 -0.6  1.86 
EAN_7a 0.711 1.605 55.6 -1.1  1.85 
EAN_8a 0.809 1.484 58.4 -0.7  1.93 
EAN_9a 0.829 1.810 56.9 -0.8  1.93 
EAN_10a 0.862 1.233 57.6 -0.2  1.93 
EAN_11a 0.874 1.438 53.1 -0.3  1.93 
EAN_12a 0.951 1.925 57.4 -0.1  1.93 
a Value provided for completeness where the water fractions were less than 0.4 mol.  
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Figure S5. PIL-solvent combinations of BAN based samples according to the LHS design methodology. 
 
Table S3. Molar ratio of water, acid to base molar ratio, SAXS/WAXS peak positions, surface tension 
and apparent pH of base-rich BAN combinations. 
Base-Rich Samples 
Sample ID 
Molar ratio of 
water (±0.01) 
Acid to base molar 
ratio (±0.01) 
Surface tension 
(mN/m) (± 0.5) 
pH       
(± 0.2) 
q1 (Å-1) 
(± 0.01) 
q2 (Å-1)            
(± 0.001) 
BAN 0.011 1 34.3  0.45 1.54 
BAN_1b 0.028 0.012 24.3 13.0a  1.43 
BAN_2b 0.076 0.654 32.0 10.2a 0.45 1.52 
BAN_3b 0.191 0.916 33.9 9.1a 0.44 1.55 
BAN_4b 0.432 0.754 33.6 10.0 0.40 1.56 
BAN_5b 0.442 0.303 28.4 11.4 0.39 1.52 
BAN_6b 0.641 0.329 29.3 11.2 0.36 1.52 
BAN_7b 0.791 0.537 32.3 10.7 0.32 1.83 
BAN_8b 0.798 0.816 36.3 10.1  1.84 
BAN_9b 0.831 0.165 28.8 11.6 0.27 1.86 
BAN_10b 0.913 0.102 28.7 11.9 0.19 1.93 
BAN_11b 0.920 0.408 31.3 11.2  1.93 
BAN_12b 0.928 0.988 41.3 9.3  1.93 
BAN_13b 0.989 0.610 51.3 10.9  2.06 
a Values provided for completeness where the water fractions were less than 0.4 mol.  
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Table S4. Molar ratio of water, acid to base molar ratio, SAXS/WAXS peak positions, surface tension 
and apparent pH of acid-rich BAN combinations. 
Acid-Rich Samples 
Sample ID 
Molar ratio of 
water (±0.01) 
Acid to base molar 
ratio (±0.01) 
Surface tension 
(mN/m) (± 0.5) 
pH       
(± 0.2) 
q1 (Å-1) 
(± 0.01) 
q2 (Å-1)            
(± 0.001) 
BAN 0.011 1 34.3  0.45 1.54 
BAN_1a 0.387 1.067 36.1 -0.9a 0.43 1.58 
BAN_2a 0.546 1.290 38.5 -1.1 0.44 1.65 
BAN_3a 0.565 1.868 39.7 -1.4 0.45 1.65 
BAN_4a 0.632 1.594 40.0 -1.2 0.47 1.65 
BAN_5a 0.671 1.712 39.8 -1.1 0.50 1.65 
BAN_6a 0.732 1.158 41.6 -0.4 0.49 1.82 
BAN_7a 0.751 1.605 42.6 -0.8  1.83 
BAN_8a 0.840 1.484 43.6 -0.5  1.86 
BAN_9a 0.857 1.810 45.4 -0.6  1.93 
BAN_10a 0.886 1.233 46.2 0.0  1.93 
BAN_11a 0.896 1.438 47.3 -0.2  1.93 
BAN_12a 0.961 1.925 57.9 0.0  1.93 
a Value provided for completeness where the water fractions were less than 0.4 mol.  
 
 
 
Figure S6. PIL-solvent combinations of EOAN based samples according to the LHS design 
methodology. 
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Table S5. Molar ratio of water, acid to base molar ratio, SAXS/WAXS peak positions, surface tension 
and apparent pH of base-rich EOAN combinations. 
Base-Rich Samples 
Sample ID 
Molar ratio of 
water (±0.01) 
Acid to base molar 
ratio (±0.01) 
Surface tension 
(mN/m) (± 0.5) 
pH       
(± 0.2) 
q1 (Å-1) 
(± 0.01) 
q2 (Å-1)            
(± 0.001) 
EOAN 0.024 1 57.3   1.65 
EOAN_1b 0.024 0.012 46.7 13.5a  1.65 
EOAN_2b 0.070 0.654 63.7 9.9a  1.93 
EOAN_3b 0.177 0.916 58.8 9.0a  1.52 
EOAN_4b 0.409 0.754 55.8 9.7  1.65 
EOAN_5b 0.419 0.303 51.1 11.0  1.82 
EOAN_6b 0.619 0.329 53.4 10.7  1.93 
EOAN_7b 0.775 0.537 59.4 10.1  1.65 
EOAN_8b 0.783 0.816 51.5 9.4  1.86 
EOAN_9b 0.818 0.165 48.3 11.0  1.65 
EOAN_10b 0.905 0.102 56.2 11.1  1.65 
EOAN_11b 0.913 0.408 51.8 10.3  1.93 
EOAN_12b 0.921 0.988 55.0 8.9  1.86 
EOAN_13b 0.988 0.610 59.8 9.8  1.82 
a Values provided for completeness where the water fractions were less than 0.4 mol.  
 
Table S6. Molar ratio of water, acid to base molar ratio, SAXS/WAXS peak positions, surface tension 
and apparent pH of acid-rich EOAN combinations. 
Acid-Rich Samples 
Sample ID 
Molar ratio of 
water (±0.01) 
Acid to base molar 
ratio (±0.01) 
Surface tension 
(mN/m) (± 0.5) 
pH       
(± 0.2) 
q1 (Å-1) 
(± 0.01) 
q2 (Å-1)            
(± 0.001) 
EOAN 0.024 1 57.3   1.65 
EOAN_1a 0.367 1.067 65.7 -0.8a  1.83 
EOAN_2a 0.527 1.290 58.6 -1.1  1.81 
EOAN_3a 0.550 1.868 598 -1.4  1.70 
EOAN_4a 0.615 1.594 51.0 -1.2  1.86 
EOAN_5a 0.654 1.712 49.7 -1.2  1.81 
EOAN_6a 0.714 1.158 61.3 -0.5  1.93 
EOAN_7a 0.735 1.605 58.8 -0.9  1.93 
EOAN_8a 0.828 1.484 63.9 -0.6  1.84 
EOAN_9a 0.846 1.810 59.3 -0.7  1.93 
EOAN_10a 0.877 1.233 68.2 -0.1  1.93 
EOAN_11a 0.888 1.438 63.4 -0.3  1.93 
EOAN_12a 0.957 1.925 68.0 0  1.82 
a Value provided for completeness where the water fractions were less than 0.4 mol.  
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Figure S7. PIL-solvent combinations of EAF based samples according to the LHS design methodology. 
 
Table S7. Molar ratio of water, acid to base molar ratio, SAXS/WAXS peak positions, surface tension 
and apparent pH of base-rich EAF combinations. 
Base-Rich Samples 
Sample ID 
Molar ratio of 
water (±0.01) 
Acid to base molar 
ratio (±0.01) 
Surface tension 
(mN/m) (± 0.5) 
pH       
(± 0.2) 
q1 (Å-1) 
(± 0.01) 
q2 (Å-1)            
(± 0.001) 
EAF 0.135 1 46.9  0.78 1.65 
EAF_1b 0.170 0.916 48.0 6.8a  1.65 
EAF_2b 0.217 0.654 49.5 11.3a  1.65 
EAF_3b 0.397 0.754 50.8 10.8a  1.70 
EAF_4b 0.513 0.012 27.5 13.8  1.59 
EAF_5b 0.523 0.303 36.5 12.2  1.65 
EAF_6b 0.633 0.329 42.5 12.0  1.86 
EAF_7b 0.734 0.816 57.2 10.5  1.86 
EAF_8b 0.740 0.537 54.7 11.4  1.85 
EAF_9b 0.802 0.165 47.2 12.3  1.87 
EAF_10b 0.888 0.102 54.6 12.3  1.93 
EAF_11b 0.891 0.408 59.0 11.5  1.93 
EAF_12b 0.896 0.988 68.3 4.6  1.93 
EAF_13b 0.984 0.610 69.6 10.9  2.06 
a Values provided for completeness where the water fractions were less than 0.4 mol.  
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Table S8. Molar ratio of water, acid to base molar ratio, SAXS/WAXS peak positions, surface tension 
and apparent pH of acid-rich EAF combinations. 
Acid-Rich Samples 
Sample ID 
Molar ratio of 
water (±0.01) 
Acid to base molar 
ratio (±0.01) 
Surface tension 
(mN/m) (± 0.5) 
pH       
(± 0.2) 
q1 (Å-1) 
(± 0.01) 
q2 (Å-1)            
(± 0.001) 
EAF 0.135 1 46.9  0.78 1.65 
EAF_1a 0.282 1.067 47.2 5.9a  1.70 
EAF_2a 0.367 1.868 49.7 4.1  1.81 
EAF_3a 0.406 1.290 50.1 5.0  1.81 
EAF_4a 0.483 1.594 50.5 4.4  1.82 
EAF_5a 0.527 1.712 51.8 4.1  1.82 
EAF_6a 0.637 1.158 54.0 4.9  1.85 
EAF_7a 0.642 1.605 53.0 4.1  1.85 
EAF_8a 0.769 1.484 56.4 4.0  1.93 
EAF_9a 0.789 1.810 55.6 3.7  1.93 
EAF_10a 0.837 1.233 60.2 4.2  1.93 
EAF_11a 0.849 1.438 59.6 3.9  1.93 
EAF_12a 0.941 1.925 65.4 3.4  1.93 
a Value provided for completeness where the water fractions were less than 0.4 mol.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S8. PIL-solvent combinations of BAF based samples according to the LHS design methodology. 
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Table S9. Molar ratio of water, acid to base molar ratio, SAXS/WAXS peak positions, surface tension 
and apparent pH of base-rich BAF combinations. 
Base-Rich Samples 
Sample ID 
Molar ratio of 
water (±0.01) 
Acid to base molar 
ratio (±0.01) 
Surface tension 
(mN/m) (± 0.5) 
pH       
(± 0.2) 
q1 (Å-1) 
(± 0.01) 
q2 (Å-1)            
(± 0.001) 
BAF 0.037 1 37.2  0.49 1.55 
BAF_1b 0.027 0.012 23.6 13.3a  1.39 
BAF_2b 0.068 0.654 33.3 10.9a 0.44 1.52 
BAF_3b 0.171 0.916 36.5 9.9a 0.47 1.57 
BAF_4b 0.400 0.754 37.4 10.5 0.42 1.58 
BAF_5b 0.410 0.303 31.0 11.6 0.38 1.52 
BAF_6b 0.610 0.329 31.1 11.4 0.35 1.52 
BAF_7b 0.768 0.537 35.0 10.9 0.31 1.82 
BAF_8b 0.776 0.816 39.8 10.3 0.36 1.83 
BAF_9b 0.812 0.165 29.7 11.7 0.27 1.83 
BAF_10b 0.902 0.102 30.4 11.9 0.20 1.93 
BAF_11b 0.910 0.408 34.3 11.2 0.19 1.93 
BAF_12b 0.918 0.988 54.7 6.0  1.93 
BAF_13b 0.987 0.610 54.1 11.0  2.06 
a Values provided for completeness where the water fractions were less than 0.4 mol.  
 
Table S10. Molar ratio of water, acid to base molar ratio, SAXS/WAXS peak positions, surface tension 
and apparent pH of acid-rich BAF combinations. 
Acid-Rich Samples 
Sample ID 
Molar ratio of 
water (±0.01) 
Acid to base molar 
ratio (±0.01) 
Surface tension 
(mN/m) (± 0.5) 
pH       
(± 0.2) 
q1 (Å-1) 
(± 0.01) 
q2 (Å-1)            
(± 0.001) 
BAF 0.037 1 37.2  0.49 1.55 
BAF_1a 0.339 1.067 37.7 6.2 0.47 1.59 
BAF_2a 0.430 1.868 39.9 4.0 0.51 1.65 
BAF_3a 0.472 1.290 39.6 5.1 0.47 1.65 
BAF_4a 0.549 1.594 40.1 4.3 0.48 1.65 
BAF_5a 0.593 1.712 41.4 4.1 0.47 1.81 
BAF_6a 0.696 1.158 42.9 5.1 0.47 1.83 
BAF_7a 0.701 1.605 43.5 4.2 0.53 1.82 
BAF_8a 0.813 1.484 45.5 4.1  1.86 
BAF_9a 0.830 1.810 46.5 3.8  1.93 
BAF_10a 0.870 1.233 48.8 4.4  1.93 
BAF_11a 0.880 1.438 48.6 4.0  1.93 
BAF_12a 0.955 1.925 58.2 3.5  1.93 
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Figure S9. PIL-solvent combinations of PeAF based samples according to the LHS design 
methodology. 
 
Table S11. Molar ratio of water, acid to base molar ratio, SAXS/WAXS peak positions, surface tension 
and apparent pH of base-rich PeAF combinations. 
Base-Rich Samples 
Sample ID 
Molar ratio of 
water (±0.01) 
Acid to base molar 
ratio (±0.01) 
Surface tension 
(mN/m) (± 0.5) 
pH       
(± 0.2) 
q1 (Å-1) 
(± 0.01) 
q2 (Å-1)            
(± 0.001) 
PeAF 0.028 1 35.2  0.40 1.52 
PeAF_1b 0.053 0.012 24.8 13.0a  1.43 
PeAF_2b 0.080 0.654 32.2 10.7a 0.39 1.52 
PeAF_3b 0.189 0.916 34.4 9.5a 0.39 1.52 
PeAF_4b 0.428 0.754 32.3 10.3 0.36 1.52 
PeAF_5b 0.442 0.303 29.5 11.4 0.34 1.52 
PeAF_6b 0.637 0.329 27.4 11.1 0.31 1.52 
PeAF_7b 0.788 0.537 30.4 10.6 0.27 1.81 
PeAF_8b 0.795 0.816 34.6 9.9 0.30 1.81 
PeAF_9b 0.829 0.165 28.3 11.3 0.24 1.52 
PeAF_10b 0.912 0.102 27.7 11.6 0.17 1.86 
PeAF_11b 0.919 0.408 28.7 10.9 0.16 1.93 
PeAF_12b 0.926 0.988 41.4 5.3  1.93 
PeAF_13b 0.989 0.610 43.2 11.0  1.93 
a Values provided for completeness where the water fractions were less than 0.4 mol.  
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Table S12. Molar ratio of water, acid to base molar ratio, SAXS/WAXS peak positions, surface tension 
and apparent pH of acid-rich PeAF combinations 
Acid-Rich Samples 
Sample ID 
Molar ratio of 
water (±0.01) 
Acid to base molar 
ratio (±0.01) 
Surface tension 
(mN/m) (± 0.5) 
pH       
(± 0.2) 
q1 (Å-1) 
(± 0.01) 
q2 (Å-1)            
(± 0.001) 
PeAF 0.028 1 35.2  0.40 1.52 
PeAF_1a 0.364 1.067 35.0 5.9 0.38 1.52 
PeAF_2a 0.457 1.868 36.7 4.0 0.38 1.65 
PeAF_3a 0.499 1.290 35.5 4.9 0.37 1.65 
PeAF_4a 0.576 1.594 36.3 4.2 0.37 1.65 
PeAF_5a 0.619 1.712 37.9 4.0 0.36 1.65 
PeAF_6a 0.719 1.158 37.3 4.9 0.35 1.82 
PeAF_7a 0.724 1.605 38.0 4.0 0.34 1.81 
PeAF_8a 0.829 1.484 40.9 4.0 0.34 1.86 
PeAF_9a 0.845 1.810 41.4 3.6  1.93 
PeAF_10a 0.882 1.233 42.0 4.3  1.93 
PeAF_11a 0.891 1.438 41.2 4.0  1.93 
PeAF_12a 0.959 1.925 47.5 3.5  1.93 
 
 
 
Figure S10. PIL-solvent combinations of PeAA based samples according to the LHS design 
methodology. 
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Table S13. Molar ratio of water, acid to base molar ratio, SAXS/WAXS peak positions, surface tension 
and apparent pH of base-rich PeAA combinations. 
Base-Rich Samples 
Sample ID 
Molar ratio of 
water (±0.01) 
Acid to base molar 
ratio (±0.01) 
Surface tension 
(mN/m) (± 0.5) 
pH       
(± 0.2) 
q1 (Å-1) 
(± 0.01) 
q2 (Å-1)            
(± 0.001) 
PeAA 0.021 1 38.9  0.47 1.52 
PeAA_1b 0.054 0.012 24.9 13.1a  1.44 
PeAA_2b 0.087 0.654 34.0 10.7a 0.42 1.52 
PeAA_3b 0.204 0.916 38.5 8.6a 0.45 1.52 
PeAA_4b 0.452 0.754 34.4 10.3 0.39 1.52 
PeAA_5b 0.466 0.303 28.8 11.5 0.34 1.52 
PeAA_6b 0.660 0.329 29.8 11.2 0.31 1.52 
PeAA_7b 0.804 0.537 31.7 10.6 0.28 1.65 
PeAA_8b 0.811 0.816 37.0 9.8 0.33 1.81 
PeAA_9b 0.842 0.165 27.9 11.3 0.23 1.65 
PeAA_10b 0.919 0.102 27.6 11.5 0.16 1.87 
PeAA_11b 0.926 0.408 30.1 10.9 0.17 1.87 
PeAA_12b 0.933 0.988 39.6 6.3  1.88 
PeAA_13b 0.990 0.610 38.8 10.9  1.93 
a Values provided for completeness where the water fractions were less than 0.4 mol.  
 
Table S14. Molar ratio of water, acid to base molar ratio, SAXS/WAXS peak positions, surface tension 
and apparent pH of acid-rich PeAA combinations. 
Acid-Rich Samples 
Sample ID 
Molar ratio of 
water (±0.01) 
Acid to base molar 
ratio (±0.01) 
Surface tension 
(mN/m) (± 0.5) 
pH       
(± 0.2) 
q1 (Å-1) 
(± 0.01) 
q2 (Å-1)            
(± 0.001) 
PeAA 0.021 1 38.9  0.47 1.52 
PeAA_1a 0.387 1.067 34.8 7.0 0.43 1.52 
PeAA_2a 0.477 1.868 34.0 5.4 0.44 1.52 
PeAA_3a 0.523 1.290 34.4 6.2 0.40 1.52 
PeAA_4a 0.598 1.594 34.5 5.7 0.40 1.58 
PeAA_5a 0.640 1.712 34.3 5.5 0.40 1.59 
PeAA_6a 0.739 1.158 35.8 6.1 0.36 1.65 
PeAA_7a 0.743 1.605 35.6 5.4 0.35 1.65 
PeAA_8a 0.843 1.484 37.4 5.3  1.85 
PeAA_9a 0.858 1.810 38.5 5.0  1.86 
PeAA_10a 0.892 1.233 38.7 5.3  1.93 
PeAA_11a 0.901 1.438 39.6 5.1  1.93 
PeAA_12a 0.963 1.925 40.8 4.6  1.93 
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Figure S11. A) SAXS and B) WAXS patterns of base-rich BAF solvents. 
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Figure S12. A) SAXS and B) WAXS patterns of acid-rich BAF solvents. 
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Figure S13. A) SAXS and B) WAXS patterns of base-rich PeAF solvents. 
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Figure S14. A) SAXS and B) WAXS patterns of acid-rich PeAF solvents. 
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Figure S15. A) SAXS and B) WAXS patterns of base-rich BAN solvents. 
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Figure S16. A) SAXS and B) WAXS patterns of acid-rich BAN solvents. 
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Figure S17. A) SAXS and B) WAXS patterns of base-rich PeAA solvents. 
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Figure S18. A) SAXS and B) WAXS patterns of acid-rich PeAA solvents. 
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Figure S19. WAXS patterns of base-rich EAF combinations 
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Figure S20. WAXS patterns of acid-rich EAF combinations 
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Figure S21. WAXS patterns of base-rich EAN solvents 
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Figure S22. WAXS patterns of acid-rich EAN solvents 
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Figure S23. WAXS patterns of base-rich EOAN solvents 
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Figure S24. WAXS patterns of acid-rich EOAN solvents 
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CHAPTER 3 
Principles of machine learning algorithms 
There are several quantitative structure−property relationship (QSPR) machine learning methods, 
including linear and nonlinear regression, artificial neural networks (ANNs), support vector machines 
(SVMs), and other decision tree methods1. In this study, we used a multiple linear regression (MLR) 
method and ANN, where both use prior information to construct the mathematical models.  
 
The flow chart provided in Figure S1 shows how to employ either MLR and ANN algorithms to the 
experimental data. As shown in this flow chart, the experimental data was first parameterized in 
terms of distinguishing features such as chemical structure and composition. k-means clustering was 
then used to partition it into training and test data sets. Optimum models were determined based on 
minimizing the standard error of prediction.  
 
 
Figure S1. Flow diagram of applying the machine learning models to the data. 
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The basic architecture of the ANN algorithm used in this study is illustratively given in Figure S2. In 
this algorithm the input layer receives input data, such as the composition, structure, or processing 
conditions of the materials for each case. In the hidden layer, the nonlinear computation is 
conducted prior to predicting the output, and the output layer generates the predicted data.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure S2. The architecture of the three-layer artificial neural network (ANN). 
 
Linear model equations built for constructing response-surface plots 
 
𝑌1(𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑡𝑒𝑛𝑠𝑖𝑜𝑛) = 49.63 − 5.90 𝑋1 +  7.70 𝑋2 +  1.83 𝑋3 +  6.92 𝑋4 +  8.17 𝑋5    
(Equation S1) 
                                                                                                                                                                
𝑌2(𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒, 𝑑1) = 5.49 + 2.54 𝑋1 − 0.55 𝑋3 − 3.66 𝑋4 + 7.69 𝑋5             
(Equation S2)       
 
𝑌1(𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑡𝑒𝑛𝑠𝑖𝑜𝑛) = 35.01 − 2.71 𝑋1 + 10.99 𝑋2 +  6.68 𝑋3 +  8.16 𝑋4 +  25.87 𝑋5 +
 5.50 𝑋1𝑋2 − 0.86 𝑋1𝑋3 − 4.18 𝑋1𝑋5 − 3.08 𝑋2𝑋4 − 16.07 𝑋2𝑋5 − 1.10 𝑋3𝑋4 + 6.5𝑥10
−5 𝑋4𝑋5   
(Equation S3) 
 
𝑌2(𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒, 𝑑1) = 10.35 − 3.92 𝑋4 +  3.13 𝑋5 + 1.79 𝑋1𝑋4 + 3.18 𝑋1𝑋5 −
0.74 𝑋3𝑋4 − 12.11 𝑋4𝑋5                                                                                                                 
(Equation S4) 
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Response-Surface Plots  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S3. Response-surface plot of surface tension (mN/m) values with respect to acid to base ratio 
and molar ratio of water predicted for EAN derived solvent combinations using A. MLR, B. MLR (with 
cross-terms) and C. ANN. Black dots are experimental values. 
 
 
 
 
 
 
 
A B 
C 
 211 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S4. Response-surface plot of surface tension (mN/m) values with respect to acid to base ratio 
and molar ratio of water predicted for EOAN derived solvent combinations using A. MLR, B. MLR 
(with cross-terms) and C. ANN. Black dots are experimental values. 
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Figure S5. Response-surface plot of surface tension (mN/m) values with respect to acid to base ratio 
and molar ratio of water predicted for EAF derived solvent combinations using A. MLR, B. MLR (with 
cross-terms) and C. ANN. Black dots are experimental values. 
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Figure S6. Response-surface plot of surface tension (mN/m) values with respect to acid to base ratio 
and molar ratio of water predicted for BAN derived solvent combinations using A. MLR, B. MLR (with 
cross-terms) and C. ANN. Black dots are experimental values. 
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Figure S7. Response-surface plot of surface tension (mN/m) values with respect to acid to base ratio 
and molar ratio of water predicted for BAF derived solvent combinations using A. MLR, B. MLR (with 
cross-terms) and C. ANN. Black dots are experimental values. 
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Figure S8. Response-surface plot of surface tension (mN/m) values with respect to acid to base ratio 
and molar ratio of water predicted for PeAF derived solvent combinations using A. MLR, B. MLR (with 
cross-terms) and C. ANN. Black dots are experimental values. 
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Figure S9. Response-surface plot of surface tension (mN/m) values with respect to acid to base ratio 
and molar ratio of water predicted for PeAA derived solvent combinations using A. MLR, B. MLR (with 
cross-terms) and C. ANN. Black dots are experimental values. 
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Figure S10. Response-surface plot of correlation distance d1 (Å) values with respect to acid to base 
ratio and molar ratio of water predicted for BAN derived solvent combinations using A. MLR, B. MLR 
(with cross-terms) and C. ANN. Black dots are experimental values. 
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Figure S11. Response-surface plot of correlation distance d1 (Å) values with respect to acid to base 
ratio and molar ratio of water predicted for BAF derived solvent combinations using A. MLR, B. MLR 
(with cross-terms) and C. ANN. Black dots are experimental values. 
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Figure S12. Response-surface plot of correlation distance d1 (Å) values with respect to acid to base 
ratio and molar ratio of water predicted for PeAF derived solvent combinations using A. MLR, B. MLR 
(with cross-terms) and C. ANN. Black dots are experimental values. 
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Figure S13. Response-surface plot of correlation distance d1 (Å) values with respect to acid to base 
ratio and molar ratio of water predicted for PeAA derived solvent combinations using A. MLR, B. MLR 
(with cross-terms) and C. ANN. Black dots are experimental values. 
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CHAPTER 4 
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Figure S1. SAXS patterns of 50 wt% CTAB in neat EAN at various temperatures.                                                      
The symbols Lc-1 and Lc-2 denote the various forms of lamellar surfactant crystalline phases, L1 refers 
to micellar and H1 to normal hexagonal liquid crystal phases. 
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Figure S2. SAXS patterns of 50 wt% CTAB in neat EtAN at various temperatures.                                                      
The symbol Lc-1 denotes a lamellar surfactant crystalline phase, and the liquid crystal phases are 
denoted as micellar (L1), normal hexagonal (H1), and unassigned transient (U) liquid crystal phases. 
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Figure S3. SAXS patterns of 50 wt% CTAB in neat water at various temperatures.                                                      
The symbol Lc-1 denotes a lamellar surfactant crystalline phases, and the liquid crystal phases are 
denoted as normal hexagonal (H1), normal primitive cubic (V1 (Im3m)), and unassigned transient (U) 
liquid crystal phases. 
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Figure S4. SAXS patterns of powder CTAB showing polymorphic transition from Lc-1 to Lc-4 with 
increasing temperature. The symbols Lc-1 and Lc-4 denote lamellar surfactant crystalline (major 
morphology) and lamellar surfactant crystalline (thermotropic) phases, respectively. 
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Figure S5. SAXS patterns of 50 wt% CTAB in selected base-rich EAN compositions.                                            
Data acquired at 65 °C for neat EAN while it was 70 °C for the others. The symbol Lc-1 denotes a 
lamellar surfactant crystalline phase, and the liquid crystal phases are denoted as normal hexagonal 
(H1), normal primitive cubic (V1 (Im3m)), lamellar (Lα), and unassigned transient (U) liquid crystal 
phases. 
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Figure S6. SAXS patterns of 50 wt% CTAB in selected base-rich EtAN compositions.                                     
Data acquired at 70 °C for all compositions. The symbol Lc-1 denotes a lamellar surfactant crystalline 
phase, and the liquid crystal phases are denoted as micellar (L1) and normal hexagonal (H1) liquid 
crystal phases. 
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Figure S7. SAXS patterns of 50 wt% CTAB in selected acid-rich EAN compositions.                                         
Data acquired at 65 °C for neat EAN, EAN_1a and EAN_3a while it was 70 °C for the others. The 
symbol Lc-3 denotes a lamellar surfactant crystalline phase, the liquid crystal phases are denoted as 
normal hexagonal (H1), and unassigned transient (U) liquid crystal phases. 
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Figure S8. SAXS patterns of 50 wt% CTAB in selected acid-rich EtAN compositions.                                           
Data acquired at 70 °C for all compositions. The symbol Lc-3 denotes a lamellar surfactant crystalline 
phase, the liquid crystal phases are denoted as normal hexagonal (H1), normal primitive cubic                      
(V1 (Im3m)), and unassigned transient (U) liquid crystal phases. 
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Figure S9. Phase diagrams for 50 wt% CTAB in EAN derived solvent compositions.                                            
Above the red dashed line represents the acid-rich region whereas under the red dashed line refers 
to the base-rich region. 
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Figure S10. Phase diagrams for 50 wt% CTAB in EtAN derived solvent compositions.                                            
Above the red dashed line represents the acid-rich region whereas under the red dashed line refers 
to the base-rich region. 
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Figure S11. The change in lattice parameter values of the hexagonal phase (H1) of 50 wt% CTAB in 
EAN derived solvent compositions as a function of temperature. Solid data points represent the 
sample compositions when the phase formation is supported while blank data points only denote 
sample compositions with this phase not observed.    
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Figure S12. The change in lattice parameter values of the hexagonal phase (H1) of 50 wt% CTAB in 
EtAN derived solvent compositions as a function of temperature. Solid data points represent the 
sample compositions when the phase formation is supported while blank data points only denote 
sample compositions with this phase not observed.    
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Figure S13. The change in lattice parameter values of the cubic phase (V1) of 50 wt% CTAB in EAN 
derived solvent compositions as a function of temperature. Solid data points represent the sample 
compositions when the phase formation is supported while blank data points only denote sample 
compositions with this phase not observed.    
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Figure S14. The change in lattice parameter values of the cubic phase (V1) of 50 wt% CTAB in EtAN 
derived solvent compositions as a function of temperature. Solid data points represent the sample 
compositions when the phase formation is supported while blank data points only denote sample 
compositions with this phase not observed.    
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Table S1. The compositions and the Gordon parameters of EAN derived solvent systems 
 
Solvent ID 
molar ratio of 
water (mol of 
water/total mol) 
(±0.01) 
acid-to-base molar 
ratio (mol of NO3-
/mol of EA+)  
(±0.01) 
Gordon parameter 
(J mol1/3/m3)    
(±0.1) 
CTAB-water 1 0.0 2.746 
CTAB-EAN neat 0.006 1.0 1.264 
Base-rich compositions 
CTAB-EAN_1b 0.190 0.916 1.292 
CTAB-EAN_2b 0.223 0.654 1.209 
CTAB-EAN_3b 0.429 0.754 1.362 
CTAB-EAN_4b 0.513 0.012 0.806 
CTAB-EAN_5b 0.544 0.303 1.112 
CTAB-EAN_6b 0.661 0.329 1.243 
CTAB-EAN_7b 0.765 0.816 1.640 
CTAB-EAN_8b 0.769 0.537 1.525 
CTAB-EAN_9b 0.823 0.165 1.391 
CTAB-EAN_10b 0.902 0.102 1.545 
CTAB-EAN_11b 0.906 0.408 1.760 
CTAB-EAN_12b 0.911 0.988 1.666 
CTAB-EAN_13b 0.986 0.610 2.474 
Acid-rich compositions 
CTAB-EAN_1a 0.338 1.067 1.438 
CTAB-EAN_2a 0.498 1.290 1.551 
CTAB-EAN_3a 0.529 1.868 1.598 
CTAB-EAN_4a 0.589 1.594 1.649 
CTAB-EAN_5a 0.630 1.712 1.605 
CTAB-EAN_6a 0.686 1.158 1.766 
CTAB-EAN_7a 0.711 1.605 1.842 
CTAB-EAN_8a 0.809 1.484 2.014 
CTAB-EAN_9a 0.829 1.810 1.986 
CTAB-EAN_10a 0.862 1.233 2.032 
CTAB-EAN_11a 0.874 1.438 1.888 
CTAB-EAN_12a 0.951 1.925 2.130 
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Table S2. The compositions and the Gordon parameters of EtAN derived solvent systems 
 
Solvent ID 
molar ratio of 
water (mol of 
water/total mol) 
(±0.01) 
acid-to-base molar 
ratio (mol of NO3-
/mol of EtA+)  
(±0.01) 
Gordon parameter 
(J mol1/3/m3)    
(±0.1) 
CTAB-water 1 0.0 2.746 
CTAB-EtAN neat 0.024 1.0 1.553 
Base-rich compositions 
CTAB_EtAN_1b 0.024 0.012 1.199 
CTAB_EtAN_2b 0.070 0.654 1.723 
CTAB_EtAN_3b 0.177 0.916 1.647 
CTAB_EtAN_4b 0.409 0.754 1.655 
CTAB_EtAN_5b 0.419 0.303 1.493 
CTAB_EtAN_6b 0.619 0.329 1.675 
CTAB_EtAN_7b 0.775 0.537 2.003 
CTAB_EtAN_8b 0.783 0.816 1.752 
CTAB_EtAN_9b 0.818 0.165 1.646 
CTAB_EtAN_10b 0.905 0.102 2.010 
CTAB_EtAN_11b 0.913 0.408 1.871 
CTAB_EtAN_12b 0.921 0.988 2.006 
CTAB_EtAN_13b 0.988 0.610 2.263 
Acid-rich compositions 
CTAB_EtAN_1a 0.367 1.067 1.942 
CTAB_EtAN_2a 0.527 1.290 1.825 
CTAB_EtAN_3a 0.550 1.868 1.891 
CTAB_EtAN_4a 0.615 1.594 1.643 
CTAB_EtAN_5a 0.654 1.712 1.625 
CTAB_EtAN_6a 0.714 1.158 2.036 
CTAB_EtAN_7a 0.735 1.605 1.980 
CTAB_EtAN_8a 0.828 1.484 2.234 
CTAB_EtAN_9a 0.846 1.810 2.095 
CTAB_EtAN_10a 0.877 1.233 2.435 
CTAB_EtAN_11a 0.888 1.438 2.279 
CTAB_EtAN_12a 0.957 1.925 2.535 
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CHAPTER 5 
 
Table S1. Solvatochromic and solvatofluorochromic dye molecules used in this study 
No Probe molecule Abb. 
Molecular 
weight 
(g/mol) 
H Bond 
Donor 
Count 
H Bond 
Acceptor 
Count 
type of 
solvatochromic shift 
Final 
concentration in 
transferring 
solvent (mM) 
1 Phenol Blue PB 226.27 0 3 
positive 
(bathochromic) 
0.033 
2 Nile Red NR 318.37 0 4 
Positive 
(bathochromic) 
and 
solvatofluorochromic 
0.010 
3 
N,N-dimethyl-4-
Nitroaniline 
DM4A 166.18 0 3 
Positive 
(bathochromic) 
0.093 
4 
N,N-diethyl-4-
Nitroaniline 
DE4A 194.23 0 3 
positive 
(bathochromic) 
0.014 
5 4-nitroaniline 4NA 138.12 1 3 
positive 
(bathochromic) 
0.020 
6 4-nitrophenol 4NP 139.11 1 3 
positive 
(bathochromic) 
0.037 
7 4-nitroanisole 4NAni 153.14 0 3 
positive 
(bathochromic) 
0.039 
8 
N-methyl-2-
Nitroaniline 
M2A 152.15 1 3 
positive 
(bathochromic) 
0.088 
9 
N,N-dimethyl-2-
Nitroaniline 
DM2A 166.18 0 3 
positively 
(bathochromic) 
0.233 
10 
Reichardt`s Dye 
(Dimroth's Betaine) 
RD30 551.68 0 1 
negative 
(hypsochromic) 
0.540 
11 Reichardt`s Dye 33 RD33 468.37 0 1 
negative 
(hypsochromic) 
0.630 
12 Pyrene Pyr 202.25 0 0 
positive 
solvatofluorochromic 
0.037 
13 Coumarin 153 C153 309.28 0 6 
positive 
solvatofluorochromic 
0.004 
 
Table S2. The spectral correlation coefficients for non-H bonding dyes1 
 v0, kK  -s 
4Nani 34.17 2.410 
DE4A 27.52 3.182 
DM4A 28.10 3.436 
DM2A 25.30 2.023 
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Table S3. Solvent dipolarity/polarizability, π* values of molecular solvents based on 4 different 
solvatochromic dyes (all values have an uncertainty of ±0.02). 
 4NAania DE4A DM4A DM2A π* (ave)b π* (ave) 
cyclohexane 0.00 0.00 0.00 0.00 0.00 0.00 
HMPA 0.95 0.82 0.82 1.00 0.87 n/ac 
DMSO 1.00 1.00 1.00 1.00 1.00 1.00 
acetonitrile 0.66 0.78 0.76 0.67 0.71 0.75d,e 
cyclohexanol LS 0.59 0.66 0.54 n/a n/a 
2-propanol 0.47 0.57 0.64 0.48 0.51 0.50e 
ethanol 0.36 0.59 0.66 0.51 0.54 0.51d 
methanol 0.36 0.68 0.70 0.56 0.59 0.73d; 0.61e 
water 1.05 1.32 1.24 1.12 1.09 1.33d; 1.17 e 
a4-nitroanisole limited solubility (LS) in cyclohexanol. b π*ave represents the average π* values 
obtained by several dyes and were taken from the original Kamlet-Taft’s paper1. cn/a: not available. 
dfrom Ref. 22. efrom Ref. 3 where the average values were calculated using the results of 5 dyes 4-
nitroanisole, N,N-diethyl-3-nitroaniline, 4-ethylnitrobenzene, N-methyl-2-nitroaniline, and 2-
nitroanisole3. 
 
Table S4. The initial water content of PILs and the wavelengths of absorbance maxima for dyes in PILs 
 
Water content, 
(wt %) (±0.05) 
4NA,            
(λmax ± 1.0 nm) 
DE4A, 
(λmax ± 1.0 nm) 
RD33, 
(λmax ± 1.0 nm) 
RD30, 
(λmax ± 1.0 nm) 
EAF 0.05 385 408 423 nd 
EtAF 0.72 389 416 422 478 
DEAF 0.10 391 406 418 nd 
DEtAF 1.15 387 416 418 nd 
BAF 0.34 384 398 438 493 
PeAF 0.33 382 396 440 502 
PAA 0.75 385 397 440 502 
PeAA 0.46 385 393 449 513 
EAN 0.29 386 417 408 463 
EtAN 0.12 386 422 401 461 
PAN 0.49 384 415 411 466 
BAN 0.06 381 410 418 474 
nd: not detected  
 
References 
1. Kamlet, M. J.; Abboud, J. L.; Taft, R. W., The Solvatochromic Comparison Method. 6. The Pi Scale 
of Solvent Polarities. Journal of the American Chemical Society 1977b, 99, 6027-6038. 
2. Jessop, P. G.; Jessop, D. A.; Fu, D.; Phan, L., Solvatochromic parameters for solvents of interest in 
green chemistry. Green Chemistry 2012, 14 (5). 
3. Cheong, W. J.; Carr, P. W., Kamlet-Taft .pi.* polarizability/dipolarity of mixtures of water with 
various organic solvents. Analytical Chemistry 1988, 60 (8), 820-826. 
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CHAPTER 6 
 
Table S1. Wavelengths of absorbance maxima of solvatochromic dyes in binary mixtures of water 
 
Mole fractions 4NA DE4A RD33 RD30 
water methanol     
1.0 0 381 430 408  
0.75 0.25 384 423 417 481 
0.50 0.50 381 416 430 502 
0.25 0.75 375 409 438 511 
0.10 0.90 372 402 440 514 
0 1.0 370 397 441 515 
water acetonitrile     
1.0 0 381 430 408  
0.75 0.25 375 416 432 502 
0.50 0.50 372 412 444 514 
0.25 0.75 369 407 460 532 
0.10 0.90 367 403 466 554 
0 1.0 367 402 501 604 
water DMSO     
1.0 0 381 430 408  
0.75 0.25 390 422 447 526 
0.50 0.50 390 417 477 573 
0.25 0.75 390 415 501 604 
0.10 0.90 390 414 514 622 
0 1.0 390 413 528 632 
 
*Dye concentrations in stock solutions were 0.020 mM, 0.014 mM, 0.630 mM and 0.540 mM for 
4NA, DE4A, RD33 and RD30, respectively. In addition, concentrations of NR, Pyr and C153 were 0.010 
mM, 0.037 mM and 0.004 mM, respectively.     
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Table S2. Wavelengths of absorbance maxima of solvatochromic dyes in binary mixtures of EAN 
 
mole fractions 4NA DE4A RD33 RD30 
EAN water     
1.0 0 386 417 408 463 
0.75 0.25 386 419 407 463 
0.50 0.50 386 421 406 462 
0.25 0.75 387 427 403 460 
0.10 0.90 385 432 401  
0 1.0 381 430 408  
EAN methanol     
1.0 0 386 417 408 463 
0.75 0.25 384 416 410 464 
0.50 0.50 382 414 412 464 
0.25 0.75 378 411 414 466 
0.10 0.90 375 406 417 466 
0 1.0 370 397 441 515 
EAN acetonitrile     
1.0 0 386 417 408 463 
0.75 0.25 383 416 410 463 
0.50 0.50 380 414 413 463 
0.25 0.75 373 409 415 464 
0.10 0.90 369 404 418 470 
0 1.0 367 402 501 604 
EAN DMSO     
1.0 0 386 417 408 463 
0.75 0.25 385 415 413 463 
0.50 0.50 386 415 417 466 
0.25 0.75 389 415 437 487 
0.10 0.90 390 414 454 520 
0 1.0 390 413 528 632 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 240 
 
Table S3. Wavelengths of absorbance maxima of solvatochromic dyes in binary mixtures of PAN 
 
mole fractions 4NA DE4A RD33 RD30 
PAN water     
1.0 0 384 415 411 466 
0.75 0.25 385 415 414 467 
0.50 0.50 386 418 413 467 
0.25 0.75 388 423 412 466 
0.10 0.90 388 431 407 598 
0 1.0 381 430 408  
PAN methanol     
1.0 0 384 415 411 466 
0.75 0.25 382 412 415 467 
0.50 0.50 381 412 415 467 
0.25 0.75 378 411 416 467 
0.10 0.90 374 404 419 469 
0 1.0 370 397 441 515 
PAN acetonitrile     
1.0 0 384 415 411 466 
0.75 0.25 383 414 415 467 
0.50 0.50 380 413 415 467 
0.25 0.75 372 408 417 467 
0.10 0.90 370 403 420 463 
0 1.0 367 402 501 604 
PAN DMSO     
1.0 0 384 415 411 466 
0.75 0.25 384 414 415 466 
0.50 0.50 386 414 419 469 
0.25 0.75 389 413 439 490 
0.10 0.90 390 413 456 526 
0 1.0 390 413 528 632 
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Figure S1. Change in λex of NR in A. mixtures of water, B. mixtures of EAN and C. mixtures of PAN. 
Solid lines are a guide to the eye. 
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Figure S2. Change in λex of C153 in A. mixtures of water, B. mixtures of EAN and C. mixtures of PAN. 
Solid lines are a guide to the eye. 
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Figure S3. Change in the π* values as a function of mole fraction of added solvent into water                         
(A. water-methanol, B. water-acetonitrile and C. water-DMSO). Solid lines are a guide to the eye and 
the dashed lines represent the ideal trend. 
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Figure S4. Change in the π* values as a function of mole fraction of added solvent into EAN                               
(A. EAN-water, B. EAN-methanol, C. EAN-acetonitrile and D. EAN-DMSO). Solid lines are a guide to 
the eye and the dashed lines represent the ideal trend. 
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Figure S5. Change in the π* values as a function of mole fraction of added solvent into PAN                             
(A. PAN-water, B. PAN-methanol, C. PAN-acetonitrile and D. PAN-DMSO). Solid lines are a guide to 
the eye and the dashed lines represent the ideal trend. 
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Figure S6. Change in the α values as a function of mole fraction of added solvent into water                          
(A. water-methanol, B. water-acetonitrile and C. water-DMSO). Solid lines are a guide to the eye and 
the dashed lines represent the ideal trend. 
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Figure S7. Change in the α values as a function of mole fraction of added solvent into EAN                               
(A. EAN-water, B. EAN-methanol, C. EAN-acetonitrile and D. EAN-DMSO). Solid lines are a guide to 
the eye and the dashed lines represent the ideal trend. 
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Figure S8. Change in the α values as a function of mole fraction of added solvent into PAN                                
(A. PAN-water, B. PAN-methanol, C. PAN-acetonitrile and D. PAN-DMSO). Solid lines are a guide to 
the eye and the dashed lines represent the ideal trend. 
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Figure S9. Change in the β values as a function of mole fraction of added solvent into water                        
(A. water-methanol, B. water-acetonitrile and C. water-DMSO). Solid lines are a guide to the eye and 
the dashed lines represent the ideal trend. 
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Figure S10. Change in the β values as a function of mole fraction of added solvent into EAN                            
(A. EAN-water, B. EAN-methanol, C. EAN-acetonitrile and D. EAN-DMSO). Solid lines are a guide to 
the eye and the dashed lines represent the ideal trend. 
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Figure S11. Change in the β values as a function of mole fraction of added solvent into PAN                            
(A. PAN-water, B. PAN-methanol, C. PAN-acetonitrile and D. PAN-DMSO). Solid lines are a guide to 
the eye and the dashed lines represent the ideal trend. 
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Figure S12. IR spectra of water-methanol mixtures. Methanol mol fraction was                                                 
0, 0.25, 0.5, 0.75, 0.9 and 1 from bottom to top 
 
 
Figure S13. IR spectra of water-acetonitrile mixtures. Acetonitrile mol fraction was                                             
0, 0.25, 0.5, 0.75, 0.9 and 1 from bottom to top 
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Figure S14. IR spectra of water-DMSO mixtures. DMSO mol fraction was                                                              
0, 0.25, 0.5, 0.75, 0.9 and 1 from bottom to top 
 
 
Figure S15. IR spectra of EAN-water mixtures. Water mol fraction was                                                                  
0, 0.25, 0.5, 0.75, 0.9 and 1 from bottom to top 
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Figure S16. IR spectra of EAN-methanol mixtures. Methanol mol fraction was                                              
0, 0.25, 0.5, 0.75, 0.9 and 1 from bottom to top 
 
 
Figure S17. IR spectra of EAN-acetonitrile mixtures. Acetonitrile mol fraction was                                            
0, 0.25, 0.5, 0.75, 0.9 and 1 from bottom to top 
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Figure S18. IR spectra of EAN-DMSO mixtures. DMSO mol fraction was                                                                
0, 0.25, 0.5, 0.75, 0.9 and 1 from bottom to top 
 
 
Figure S19. IR spectra of PAN-water mixtures. Water mol fraction was                                                                 
0, 0.25, 0.5, 0.75, 0.9 and 1 from bottom to top 
 
 
 
0
20
40
60
80
100
40080012001600200024002800320036004000
Tr
an
m
is
si
o
n
 (
%
)
Wavenumber (cm-1)
0
20
40
60
80
100
40080012001600200024002800320036004000
Tr
an
sm
is
si
o
n
 (
%
)
Wavenumber (cm-1)
 256 
 
 
Figure S20. IR spectra of PAN-methanol mixtures. Methanol mol fraction was                                                  
0, 0.25, 0.5, 0.75, 0.9 and 1 from bottom to top 
 
 
Figure S21. IR spectra of PAN-acetonitrile mixtures. Acetonitrile mol fraction was                                          
0, 0.25, 0.5, 0.75, 0.9 and 1 from bottom to top 
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Figure S22. IR spectra of PAN-DMSO mixtures. DMSO mol fraction was                                                                       
0, 0.25, 0.5, 0.75, 0.9 and 1 from bottom to top 
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